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Abstract 
 
Nutrient inputs from productive marine environments have been shown to directly and 
indirectly subsidise primary producers and consumers in terrestrial ecosystems (e.g. 
Polis and Hurd 1995; 1996; Anderson and Polis 1998; 1999).  But does this theory hold 
true on islands surrounded by oligotrophic waters, which account for a significant 
proportion of the marine environment?  The aim of the present study was to examine the 
applicability of the spatial subsidisation hypotheses proposed by Polis and his co-
authors to an oligotrophic system in south-western region of Western Australia.  These 
aims were achieved by comparing soil and plant nutrients, and the nitrogen stable 
isotope signatures of soil, plants, detritus and invertebrates in areas with (islands) and 
without (mainland sites) inputs from seabirds.  In addition, the responses of plant 
nutrients and vegetation assemblages to guano additions were examined in a controlled 
field experiment. 
 
Total N concentrations of soils and plants on the majority of the nine islands examined 
in the study region were significantly higher than those at the three mainland sites, 
whilst nitrogen stable isotope results confirmed that the increase in nutrients were the 
result of guano inputs from seabirds. The enriched δ15N signatures detected in soil, 
plants and invertebrates, suggests that these island ecosystems are driven by 
allochthonous marine-derived resources, rather than terrestrial in situ resources. 
However, the extent to which nutrient subsidisation occurs is dependent on past and 
present seabird activities and the influence of guano deposition on secondary production 
(invertebrate abundance and assemblages) was not clear.  The significant correlation 
between vegetation assemblages, guano cover, soil properties, and soil and plant 
nutrient and δ15N values, suggests that the alteration of soil properties and addition of 
nutrients from seabirds may result in the development of plant assemblages that are 
tolerant to these conditions.  However, when tested experimentally no change was 
detected.   
 
Total N concentrations in soils subject to guano deposition on Penguin Island remained 
fairly constant during the year, despite seasonal variation in rainfall.  Different patterns 
in the relationship between rainfall and soil total N were identified for summer and 
winter, with a strong, positive relationship in mid autumn/winter and no clear 
relationship in spring/summer.  Observations indicated that guano accumulates in the 
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canopy and on the soil surface in the dry summer months, whilst heavy winter rains 
wash the guano through the canopy and into the soil.  By experimentally augmenting 
nutrients to an area previously unaffected by seabirds, a significant increase in total N of 
leaves of the two plant species one month following the single application of nutrients, 
was found.  In the succeeding months, nutrient levels dwindled, possibly due to the 
redeployment of nutrients into new leaf and reproductive growth.   
 
Results from this study indicate that even when surrounded by oligotrophic marine 
environments, allochthonous inputs provided by seabirds are vital in subsidising the 
nitrogen availability to primary producers and consumers, and influencing vegetation 
assemblages.  Therefore, it is important to manage island ecosystems in order to 
maintain these trophic linkages at both spatial and temporal scales by reducing impacts 
on seabird populations, such as habitat destruction, physical disturbance, predation from 
introduced predators and reduction in prey from anthropogenic causes. 
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Chapter 1  
General Introduction  
1.1 Background 
1.1.1 Spatial subsidies  
Allochthonous inputs, derived from outside a system, can substantially influence the 
energy, carbon and nutrient budget of many habitats, as reviewed in Polis et al. (1997a) 
and Jefferies (2000).  Energy and nutrient requirements of consumers living in 
terrestrial habitats can be subsidised by allochthonous resources that originate in more 
productive aquatic environments, permitting higher densities than could be supported by 
land resources alone (Polis and Hurd 1996; Stapp and Polis 2003b).  Polis et al. (1997a) 
termed this process, ‘spatial subsidisation’, where organic matter from a donor resource 
(prey, detritus, nutrients) from one habitat, subsidises the nutrients and energy 
requirements of a recipient (plant or consumer) in a second, often adjacent, habitat.  
This spatial subsidy increases the population productivity of the recipient, potentially 
altering consumer-resource dynamics in the recipient system, with significant 
consequences for local communities and food webs (Polis and Hurd 1995; 1996; Polis 
and Strong 1996; Polis et al. 1997a).  
 
The transport of organic matter across spatial boundaries can occur via physical (wind, 
water and tidal action) or biotic (mobile consumers) vectors (Polis et al. 1997a; 
Colombini and Chelazzi 2003; Barrett et al. 2005).  Allochthonous input is used by 
diverse species at many trophic positions within a food web, depending on the type of 
resource that enters the system (Polis et al. 1997a; Sanchez-Piñero and Polis 2000).  
Studies of aquatic and coastal environments in particular, have demonstrated that the 
productivity of rivers, lakes and estuaries is influenced by nutrients and detritus from 
adjoining land (Minshall 1967; Iversen et al. 1982; Gessner et al. 1996; Baxter et al. 
2005). More recently, it has been established that terrestrial habitats can also benefit 
from spatial subsidies from aquatic habitats, as coastal regions and small islands can be 
heavily influenced by allochthonous input of energy and nutrients from the ocean (Polis 
and Hurd 1995; 1996; Polis et al. 1997a; Anderson and Polis 1998; Sanchez-Piñero and 
Polis 2000).  These inputs provide substantial amounts of nutrients and energy to food 
webs, in a variety of ecosystems (e.g. Hilderbrand et al. 1999; Bouchard and Bjorndal 
2000).  For example, freshwater and riparian ecosystems benefit from marine-derived 
energy and nutrients from Pacific salmon returning to their natal freshwater streams to 
spawn (Hilderbrand et al. 1999; Helfield and Naiman 2002). Bears feeding on salmon 
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play an important role in the transfer of nitrogen (N) from the marine to the surrounding 
riparian terrestrial ecosystems through defecation (Hilderbrand et al. 1999, Bartz and 
Naiman 2005). 
 
1.1.2 Marine-island subsidies 
The influence of spatial subsidies on food web dynamics are important in an array of 
ecosystems (Polis et al. 1997a), but the large differences in productivity between marine 
and terrestrial systems make coastal, and especially island environments, model systems 
for studying trophic linkages (Stapp and Polis 2003b).  When materials move from 
highly productive systems to relatively unproductive systems, they have the greatest 
potential to alter population and community dynamics (Polis et al. 1997a).  Donor 
control, via allochthonous marine input, is a key element in the food web dynamics of 
islands and coastal areas (Polis and Hurd 1996; Polis et al. 1997a; Sanchez-Piñero and 
Polis 2000). Subsidised consumers influence abundance and dynamics of resources and 
other consumer populations through a variety of direct and indirect effects, which still 
remain poorly understood (Stapp and Polis 2003b).  
 
The majority of studies on spatial subsidies in coastal and island ecosystems have 
focused on the movement of energy and nutrients from water to land on the hyper-arid 
desert islands in the Gulf of California, Mexico (Polis and Hurd 1995; 1996; Polis et al. 
1997a; 1997b; Anderson and Polis 1998; 1999; Stapp et al. 1999; Sanchez-Piñero and 
Polis 2000; Stapp and Polis 2003a; 2003b). These islands have extremely low terrestrial 
primary productivity (~100g m⎯² yr⎯1 dry mass; Polis and Hurd 1996), whilst being 
surrounded by a highly productive ocean (536g m⎯² yr⎯1 dry mass; Zeitzschel 1969).  
Organic carbon and nitrogen originally fixed in the ocean regularly cross the water-land 
interface via two major conduits, either shore drift (algal wrack and carrion) brought to 
beaches by tidal activity (Colombini and Chelazzi 2003) or seabirds (Hutchinson 1950; 
Sobey and Kenworthy 1979; Polis and Hurd 1995; 1996; Anderson and Polis 1998; 
1999; Sanchez-Piñero and Polis 2000).  The availability of resources through these 
conduits results in abundant populations of many consumers, including aerial insects 
(Polis and Hurd 1995; 1996), detritivorous beetles (Sanchez-Piñero and Polis 2000), 
spiders and scorpions (Polis and Hurd 1995), lizards (Markwell and Daugherty 2002; 
Barrett et al. 2005), snakes (Bonnet et al. 2002) and mammals (Rose and Polis 1998; 
Stapp et al. 1999; Stapp and Polis 2003a; 2003b; Wolfe et al. 2004).  
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Densities of detritivores and scavengers have been shown to be particularly high on 
small islands with high perimeter to area ratios and those with large seabird colonies 
(Polis and Hurd 1995; 1996; Polis et al. 1997a; Sanchez-Piñero and Polis 2000; Stapp 
and Polis 2003a; 2003b). For example, compared to adjacent islands and the mainland, 
the scorpion Centruroides exilicauda is 2 to >25 times more abundant; lizards are 2 to 
>20 times more abundant and densities of some species of spiders are 2 to >100 times 
greater on seabird-inhabited islands (Polis and Hurd 1995).  Additionally, Sanchez-
Piñero and Polis (2000) found that tenebrionid beetles were most abundant in areas 
influenced by seabirds; five times more dense on nesting and roosting islands than on 
islands with no birds or mainland sites, and six times more dense inside versus outside 
seabird colonies.   
 
Subsidisation can occur directly via shore drift, or indirectly through the effects of 
guano fertilisation on plants and the consumption of subsidised prey (Polis and Hurd 
1995; 1996; Anderson and Polis 1998; Sanchez-Piñero and Polis 2000; Markwell and 
Daugherty 2002; Fig. 1.1).  Islands in the Gulf of California are surrounded by a rich 
marine environment fed by upwelling in the northern Gulf (Maluf 1983), which 
supports very large populations of invertebrates, fish, birds and marine mammals (Odell 
1981; Anderson 1983; Tershy 1992; Tershy et al. 1993).  The ocean contributes large 
amounts of algal wrack (~ 2760 g dry mass yr⎯ ¹ m⎯ ¹ of shoreline) and animal carrion 
(330 g dry mass yr⎯ ¹ m⎯ ¹ of shoreline) to the islands’ energy budget, far exceeding 
autochthonous terrestrial productivity on a per-square-metre basis (Polis and Hurd 
1996).  Marine input of carrion supports many land detritivore, scavenger and predator 
populations, and this subsidy allows secondary consumers to maintain relatively higher 
densities in coastal and island environments (Polis and Hurd 1995; 1996; Polis et al. 
1997; Colombini and Chelazzi 2003; Stapp and Polis 2003a).  The movement of marine 
animals can further facilitate the transport of energy and nutrients from marine to 
terrestrial ecosystems e.g. from turtles (mainly in the form of eggs and hatching 
remains; Bouchard and Bjorndal 2000), seals (through their excrement; Gillham 1961; 
Burger et al. 1978; Smith 1978; Farina et al. 2003), and seabirds (Hutchinson 1950; 
Sobey and Kenworthy1979; Polis et al. 1997; Anderson and Polis 1998; 1999; Sanchez-
Piñero and Polis 2000). 
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Figure 1.1 Pathways of nutrient and energy flows between marine and terrestrial island systems 
(Sanchez-Pinero and Polis 2000). 
 
1.1.3 Seabirds 
Seabirds are a major contributor of marine inputs to islands where they roost and nest 
(Hutchinson 1950; Heatwole 1971; Smith 1978; Anderson and Polis 1998; 1999; 
Erskine et al. 1998; Sanchez-Piñero and Polis 2000; Garcia et al. 2002; Schmidt et al. 
2004). Seabirds feed on marine prey and import energy and biomass into the terrestrial 
food web through guano, carcasses (carrion) from adult and chick mortality, addled 
eggs, feathers, fish scraps and high densities of associated ectoparasites (Burger et al.  
1978; Williams and Berruti 1978; Williams et al. 1978; Sobey and Kenworthy 1979; 
Polis and Hurd 1996; Sanchez-Piñero and Polis 2000).  On islands with substantial 
seabird populations, primary and secondary consumers are subsidised directly (e.g. 
scavengers feeding on carrion) and indirectly, via consumption of guano-fertilised plant 
material (Anderson and Polis 1998; 1999; Sanchez-Piñero and Polis 2000; Garcia et al. 
2002; Markwell and Daugherty 2002; Maron et al. 2006).   
 
Seabirds act as vectors in transferring allochthonous material from aquatic to terrestrial 
ecosystems, capable of modifying vegetation assemblages by altering soil properties, 
generating physical disturbance and influencing seed dispersal (as reviewed by Ellis 
2005).  Small islands with no predatory mammals are frequently used as secure nesting 
and roosting grounds by seabirds (Rippey et al. 1998; Harding et al. 2004).  Seabirds 
feeding on fish and invertebrates concentrate and transport great quantities of nutrients 
in their guano, which then enhances nutrient status of soil and plants, and primary 
productivity (Smith 1978; Ryan and Watkins 1989; Polis et al. 1997a; Anderson and 
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Polis 1999; Sanchez-Piñero and Polis 2000; Garcia et al. 2002; Maron et al. 2006).  In 
the Gulf of California, primary productivity on islands with seabird colonies is up to 
13.6 times greater than that on islands unaffected by seabirds (Polis et al. 1997a).  The 
accumulation of guano, from nesting and roosting seabirds, often alters the chemical 
composition of soils, as seabird-affected soil tends to be enriched with nitrogen (N) (in 
the form of uric acid, NH4- and NO3-), phosphorus (P), potassium (K), magnesium (Mg) 
soluble salts and organic matter (Burger et al. 1978; Smith 1978; 1979; Ryan and 
Watkins 1989; Anderson and Polis 1999; Garcia et al. 2002), while pH may either 
increase (Gillham 1960; Bukacinski et al. 1994) or decrease (Smith 1979; Hogg and 
Morton 1983; Mulder and Keall 2001; Wait et al. 2005).  For example, in the Gulf of 
California, soil N and P concentrations on islands with birds averaged 7 and 4.9 times 
greater than on islands without birds, respectively (Anderson and Polis 1999). 
 
Botanists have long recognised the special character of the vegetation associated with 
seabird colonies on islands (Gillham 1956; 1961; Ornduff 1965; Sobey and Kenworthy 
1979).  The accumulation of seabird guano and the resulting alteration of the soil 
chemical composition may change the performance of plants and the competitive 
interactions between them, favouring nutrient-demanding species (Gillham 1956; 1961; 
Sobey and Kenworthy 1979; Vidal et al. 2000; Garcia et al. 2002).  The available 
nutrients also enhance the nutritive quality and quantity of plants, resulting in more 
luxuriant development of already existing vegetation (Gillham 1961; Smith 1978; Tatur 
and Myrcha 1989; Bukacinski et al. 1994).  Changes in plant communities in seabird-
affected areas are a consequence of altered soil nutrient concentrations and pH, 
increased physical disturbance and allochthonous seed dispersal (as reviewed by Ellis 
2005; Fig. 1.2).  The magnitude of these factors is influenced by the density of birds, 
climate and proximity to human habitation (Ellis 2005). 
 
Shifts in the species dominance structure and composition of vegetation may also occur, 
resulting in the development of ‘secondary ornithogenous vegetation’ (species that can 
tolerate high levels of nitrogen and phosphorus in the soil; Gillham 1961), with a greater 
occurrence of the more nitrophilous (nitrogen-loving) or coprophilous (excrement-
loving) species (Gillham 1961; Ornduff 1965).  A reduction in the total number of 
species (Smith 1978; Bancroft et al. 2005) and a shift in composition from native to 
exotic ruderal plant species is often also observed (Gillham 1956; 1961; Vidal et al. 
1998b; Bancroft et al. 2005).  In some seabird-affected areas, there is a complete 
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annihilation of vegetation due to the toxic affects of guano on plants and trampling 
(Smith 1978; Sobey and Kenworthy 1979; Lindeboom 1984; Sanchez-Piñero and Polis 
2000).  This is closely related to seabird density, which plays an important role in 
determining the severity of the disturbance that seabirds generate (Ellis 2005).  
 
Trampling
Boundary clashes
Guano deposition
Lower seedling survival
Damage to adult plant 
tissues
Soils
Altered pH
Increased N,P,K (others?)
Increased salts
Increased organic matter (?)
Altered water retaining capacity
Plants
Adhesion to leaves;
inhibition of photosynthesis
Burrowing
Seed dispersal
Erosion
Decreased water
retention of soil (?)
Supply of ruderal,
cosmopolitan propagules
Decline of many native 
woody and herbaceous 
perennials (persistence of 
certain native species)
(Competition?)
Expansion of herbaceous 
ruderals, halophytes, and 
cosmopolitan species (and certain 
native species, particularly 
annuals)  
Figure 1.2 Various mechanisms through which seabirds affect vegetation (Ellis 2005). 
 
Climate is also a determinant of the influence of seabirds on islands.  Guano deposition 
is not uniform all year round, as seabirds roost and nest on islands at different times of 
the year, depending on species (Gillham 1961; Wooller and Dunlop 1981).  In a 
Mediterranean climate, such as the one in the south west of Western Australia, guano 
tends to accumulate on the surface of the soil and vegetation during summer due to the 
low rainfall (Gillham 1961).  Some species of seabirds (e.g. cormorants) roost on the 
top of vegetation (shrub-nesters), depositing guano on the surface of leaves, and in 
extreme concentrations scorching the plants (Gillham 1961; Ryan and Watkins 1989; 
Sanchez-Piñero and Polis 2000).  The soluble nutrients from guano are then leached 
into the soil during the winter rains, which is when it is more available for uptake by 
plants (Gillham 1961; Otero and Fernandez-Sanjurjo 1999). Precipitation and 
temperature appear to strongly influence the magnitude of seabird effects (Anderson 
and Polis 1999; Ellis 2005; Wait et al. 2005).  In systems where nitrogen levels are 
naturally low, relatively small increases in nitrogen may cause large changes in plant 
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productivity and communities, due to an increased nitrogen-to-biomass ratio compared 
to ecosystems with higher plant productivity (Aber et al. 1989). 
 
Polis et al. (1997b) and Stapp et al. (1999) found that during wet ENSO (El Niño 
Southern Oscillation) events, which bring heavy rain, the growth of annual plants on 
seabird islands is particularly striking.  This flush of vegetation switches the system 
from one dependent primarily on allochthonous input from the ocean, to one driven 
more by in situ terrestrial productivity.  This is also reflected in macroinvertebrate 
abundance and community structure, in which dry years are dominated by taxa 
associated with marine inputs (mainly shore drift), whilst wet years are dominated by 
herbivores, which are known to increase 40-190 fold during ENSO years.  Although 
marine resources are responsible for much of the N entering the food web on seabird 
islands in wet years, the effects of seabirds are channelled through soil and plants to 
higher-level consumers, and are largely indirect (Stapp et al. 1999).  During dry years, 
typical of the region, many terrestrial consumers rely heavily on marine-derived prey 
(Polis et al. 1997b; Stapp et al. 1999). 
 
Substantial fluctuations in seabird populations occur worldwide and are likely to have 
important consequences for plant assemblages on islands and coastal areas (Ellis 2005). 
The introduction of exotic species, such as cats, rats and foxes, onto many islands has 
lead to substantial declines in populations of many species (see Ellis 2005 and 
references therein), whilst population explosions of some species (e.g. gulls) have 
occurred due to higher island protection and increased food availability from 
anthropogenic sources (Rippey et al. 1998).  This has raised concerns about their 
detrimental effects on native plant communities and other fauna (Vidal et al. 1998a; 
1998b; 2000; Garcia et al. 2002; Ellis et al. 2006). 
 
On Rottnest Island, Western Australia, wedge-tailed shearwater (Puffinus pacificus) 
colonies have increased 46% in total area over 10 years, with a doubling in the total 
number of burrows (Bancroft et al.  2004b).  In the last 40 years, there has also been a 
dramatic increase in the breeding range and size of breeding colonies of several other 
species of tropical seabirds in south-western Western Australia (Dunlop and Wooller 
1986; 1990). An increase in reproductive effort, via double, bimodal or extended 
nesting seasons, has also been reported in south-western Australian seabird colonies, 
including some species of terns, pied cormorants and silver gulls (Dunlop and Wooller 
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1986; 1990). Dunlop and Wooller (1986; 1990) suggested that an increase in the 
frequency of ENSO events has altered oceanographic factors and is responsible for the 
change in tropical seabird breeding biology in south-western Western Australia.  
 
1.1.4 Influence of Seabirds on Invertebrates 
At present, there is a deficit in knowledge regarding the flow-on effects from guano on 
macroinvertebrates, although previous studies have found the abundance (Ryan and 
Watkins 1989; Polis and Hurd 1995; 1996; Sanchez-Piñero and Polis 2000; Markwell 
and Daugherty 2002) and assemblages of macroinvertebrates (Orgeas et al. 2003) 
change with seabird density and guano deposition.  This has been attributed to the 
increased plant productivity and the consumption of plant material by both herbivores 
and detritivores.  This resource availability determines the potential abundance of 
invertebrates, although some factors influencing macroinvertebrate abundance may not 
be related to guano deposition (e.g. season, niche habitat, predation and competition; 
Polis and Hurd 1995; Sanchez-Piñero and Polis 2000; Markwell and Daugherty 2002).  
 
Marine subsidies to invertebrates can also be direct.  On islands in the Gulf of 
California, shore drift is consumed by terrestrial detritivores and scavengers in the 
supralittoral zone, whilst on islands used by birds for nesting, a super abundance of 
ectoparasites, carrion-scavengers and detritivores (e.g. beetles) convert seabird tissue to 
potential prey for higher order consumers (Polis and Hurd 1995; 1996; Sanchez-Piñero 
and Polis 2000).  These conduits of marine productivity make the abundance of 
potential prey of spiders and beetles significantly greater in the supralittoral zone and on 
islands with seabird colonies (Polis and Hurd 1995). Spider densities have been found 
to be 4 to 5 times greater on islands with seabird colonies compared to those without, 
and 12 times greater within versus away from colonies on the same island (Polis and 
Hurd 1995). 
 
1.2 Stable Isotopes 
The use of natural abundance stable isotopes (particularly 13Carbon and 15Nitrogen) to trace 
marine-derived nutrients in terrestrial environments has been applied in many studies (e.g. 
Wada et al. 1981; Mizutani and Wada 1988; Anderson and Polis 1998; 1999; Wainright et 
al. 1998; Hilderbrand et al. 1999; Bouchard and Bjorndal 2000; Garcia et al. 2002; Farina et 
al. 2003; Markwell and Daugherty 2003; Harding et al. 2004). Stable isotope analysis can be 
used to trace nutrient and energy flow from primary producers to consumers by measuring 
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the stable isotope signature of potential nutrient sources (e.g. guano and shore drift) and 
comparing them to a consumer’s signature (DeNiro and Epstein 1978; Lajtha and Michener 
1994).  The utility of δ15N signatures for tracing nutrients relies on trophic enrichment (or 
discrimination) in food webs, and that the isotopic signature is passed onto the consumer in a 
predictable way (Macko et al. 1982; Ostrom et al. 1997; Pinnegar and Polunin 1999; Adams 
and Sterner 2000). 
 
Stable isotopes of N accumulate in plant and animal tissues over time and reflect the 
long-term diet of consumers (Peterson and Fry 1987). The δ15N values of consumers are 
assumed to be enriched (i.e. have higher δ15N values) on average by up to 
approximately 3-5‰ (mean 3.4‰) with each trophic transfer (Minagawa and Wada 
1984; Cabana and Rasmussen 1996; Post 2002).  This is a result of differential protein 
synthesis and excretion of the isotopically light 14N (Ponsard and Averbuch 1999), 
which makes it a useful indicator of trophic position (Lajtha and Michener 1994; Kelly 
2000).  However, this assumption may be invalid in some cases, as isotopes can be 
allocated to and fractionated and assimilated differently in different tissues (DeNiro and 
Epstein 1978; 1981; Gannes et al. 1997; Adams and Sterner 2000; McCutchan et al. 
2003), which may vary considerably (Vanderklift and Ponsard 2003). Therefore, 
interpretation of the data should be used with caution. 
 
Differences in δ15N signatures between marine and terrestrial-based organisms make stable 
isotope analysis a useful tool in distinguishing the long-term diet composition of organisms 
with a mixed diet (Stapp et al. 1999; Kelly 2000).  The heavier isotope (15N) is concentrated 
in water, resulting in atmospheric δ15N levels being 1‰ lower than oceanic levels (Peterson 
and Fry 1987), making δ15N signatures of consumers (eg. seabirds) in marine-based food 
webs are significantly enriched compared to their terrestrial counterparts (Lajtha and 
Michener 1994; Anderson and Polis 1998; Stapp et al. 1999).  Stable isotopes of N are 
particularly useful for tracing marine inputs, such as seabird guano, in island and coastal 
systems (Wada et al. 1981; Mizutani et al. 1986; Anderson and Polis 1998; 1999; Erskine et 
al. 1998; Wainright et al. 1998; Barrett et al. 2005; Ellis et al. 2006).  
 
Seabirds occupy a relatively high trophic level in marine food webs and therefore have 
enriched δ15N values.  Previous studies have identified seabird guano as having a δ15N 
signature of approximately 10‰ (Mizutani et al. 1986; Mizutani and Wada 1988; Schmidt et 
al. 2004), which often has a δ15N value greater than seabird tissue, due to the rapid 
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mineralisation of uric acid in guano to ammonium (NH4-). Subsequently, the NH4- is subject 
to volatilisation (Lindeboom 1984), which results in a large isotopic fractionation (Mizutani 
and Wada 1988; Wainright et al. 1998). As a result, soils in seabird-affected areas and plants 
that are fertilised by seabird guano-derived N have δ15N signatures that are distinctly high 
(Mizutani et al. 1985; Wainright et al. 1998; Anderson and Polis 1998; 1999; Cocks et al. 
1999; Erskine et al. 1998; Stapp et al. 1999; Markwell and Daugherty 2002; Schmidt et al. 
2004).  Primary consumers (herbivores and detritivores) and predators of these consumers 
with diets immediately or ultimately based on plants fertilised by guano are expected to have 
distinguishably higher δ15N signatures than those in areas without seabirds (Anderson and 
Polis 1998; Stapp et al. 1999; Markwell and Daugherty 2002; Barrett et al. 2005; Maron et 
al. 2006). Additionally, detritivores and scavengers feeding on shore drift can also exhibit 
the distinctive marine isotopic signature (Polis and Hurd 1996; Sanchez-Piñero and Polis 
2000; Ince 2004). 
 
1.3 The Western Australian System 
The aim of the present study is to examine the validity of Polis’ spatial subsidisation 
hypotheses in an oligotrophic marine environment, such as that along south-western 
Australia.  In contrast to the Gulf of California, these waters have relatively low primary 
productivity due to the presence of the Leeuwin Current, a warm, nutrient-poor ocean 
current that flows poleward along the Western Australian coast, preventing large-scale 
upwelling of cold, nutrient rich water (Cresswell 1991; Morgan and Wells 1991).  This 
current is unlike other eastern boundary currents, which are characterised by an equator-
ward surface flow, large-scale upwelling and high rates of primary and secondary 
production (Wooster and Reid 1963; Mann and Lazier 1996).  Marine primary 
productivity in the Gulf of California is dominated by pelagic phytoplankton, while 
primary productivity in south-western Australian waters is mainly from benthic macro 
algae and seagrass (Walker 1991).  Pelagic production within the Leeuwin Current can 
be quite low (<200mg C m-2 day-1; Hanson et al. 2005), compared to the Gulf of 
California (624-1488 mg C m-2 day-1; Delgadillo-Hinojosa et al. 1997). 
 
Testing the hypothesis in Western Australia is also appropriate given the islands off the 
south-western Australian coastline have significant bird populations and provide safe 
nesting and roosting grounds due to lack of predators (Gillham 1961).  For example, 50 
species of seabird use the Shoalwater islands for courtship, feeding and roosting and 14 
of those species nest on the islands (Dunlop et al. 1988; Orr and Pobar 1992), whilst 13 
 10
seabird species nest on the islands in Jurien Bay (DCLM 2001).  Many of the islands 
also have sandy beach areas, where wrack is an obvious input contributing to beach 
ecosystems (S. Harrison, personal observation). 
 
1.4 Significance 
With the exception of Polis’ research in the Gulf of California, relatively few studies 
have examined the contribution of seabird guano to terrestrial island ecosystems in 
terms of spatial subsidies and linkages to terrestrial food webs.  The majority of studies 
in this field have focused purely on the contribution of seabird guano-derived nitrogen 
to soil and its utilisation by vegetation on islands (e.g. Mizutani and Wada 1988; Cocks 
et al. 1998; Erskine et al. 1998; Wainright et al. 1998; Garcia et al. 2002; Schmidt et al. 
2004).  Other research that has focused on the contribution of seabird guano to 
terrestrial island ecosystems and consumer food webs has been carried out in Antarctic 
(Ryan and Watkins 1989), New Zealand (Marlborough Sounds; Markwell and 
Daugherty 2002), Mediterranean (Orgeas et al. 2003) and Arctic (Aleutian islands; 
Maron et al. 2006) regions.  Although numerous studies have noted unique plant 
communities in seabird colonies, few have quantified these patterns and even fewer 
have clarified the underlying mechanisms via manipulative field experiments (Ellis 
2005 and references therein).  Exceptions include: Smith (1978), who looked at the 
effect of small applications of NPK fertiliser on plant nutrient levels on sub-Antarctic 
Marion Island; Bancroft et al. (2004a), who measured the impact of burrowing Wedge-
tailed shearwaters on soils and vegetation nutrient concentrations on Rottnest Island, 
Western Australia; and in the Aleutian Archipelago, Maron et al. (2006) experimentally 
added nutrients to an island with no recent history of seabird influence, to examine 
whether differences in plant productivity and composition is influenced by nutrient 
inputs. 
 
Determining ecological linkages is a key requirement for effective environmental 
management, because processes that affect a resource in one habitat could potentially be 
affecting a recipient plant or consumer in another habitat (Polis et al. 1997a).  The 
contribution of allochthonous algal wrack and seabird guano is highly significant to the 
energy and nutrient budget, and biodiversity, of terrestrial island ecosystems (Anderson 
and Polis 1998; Sanchez-Piñero and Polis 2000).  If these inputs are altered in some 
way, there is a potential for these island ecosystems to destabilise (Polis and Strong 
1996).  A significant increase or decrease in seabird populations could potentially alter 
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the magnitude of marine inputs onto islands.  Anthropogenic impacts on seabirds could 
occur indirectly by reducing their food resources or the introduction of predators, or 
directly through physical disturbance. Seabirds are highly susceptible to human 
disturbance and island visitors can have a direct and indirect impact on breeding 
seabirds (Burger and Gochfeld 1983; Jones et al. 2003).  Management of islands and 
marine areas must be undertaken with these impacts in mind. 
 
1.5 Thesis Aims and Structure 
This thesis aims to provide a greater understanding of spatial subsidies and trophic 
linkages in island and coastal ecosystems along the lower west coast of Australia.  The 
research reported in this dissertation tested Polis’ theory of marine-to-island spatial 
subsidisation, in an oligotrophic marine setting within a temperate region.  This 
question was examined using a combination of field sampling and experiments.  This 
chapter (1) contains background information and conceptual ideas for the research.  
Chapters 2 to 4 are presented as discrete papers.  Each of these chapters has specific 
introduction and discussion on inter-related topics and therefore some repetition is 
inevitable.  Chapter 2 examines the extent to which marine-derived resources influence 
soil properties, soil and plant nutrients, δ15N values of soil, plants and 
macroinvertebrates, macroinvertebrate abundance and plant and macroinvertebrate 
assemblages.  Chapter 3 investigates soil nutrient concentrations in a seabird influenced 
area over a 12-month period, in relation to timing of N inputs into the soil.  Chapter 4 
specifically examines the influence of the experimental addition of seabird guano to an 
area previously unaffected by seabirds, in relation to total N of soil and plants and plant 
species assemblages.  The final chapter (5) integrates the findings of the three results 
chapters, provides conclusions to the study and discusses management implications and 
future directions.   
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Chapter 2 
The influence of seabird-derived subsidies on temperate islands  
in an oligotrophic marine system 
2.1 Introduction 
Energy and nutrient fluxes across habitat boundaries can exert profound direct and 
indirect effects on the dynamics of recipient systems.  When surrounded by highly 
productive marine environments, small islands and coastal regions can be heavily 
influenced by allochthonous inputs of energy and nutrients from the ocean, resulting in 
an increase in both primary and secondary production (Polis and Hurd 1995; 1996; Polis 
et al. 1997a; Anderson and Polis 1998; Sanchez-Piñero and Polis 2000; Stapp and Polis 
2003b).  This process has been termed ‘spatial subsidisation’, where organic matter 
from a donor resource from one habitat subsidises the nutrients and energy of a recipient 
population in a second habitat (see Polis et al. 1997a).  One of the main conduits for 
marine inputs onto islands is via seabirds (Smith 1978; 1979; Sobey and Kenworthy 
1979), which have been identified as having a significant effect on soil and plant 
nutrients, terrestrial primary and secondary production (Polis and Hurd 1995; 1996; 
Polis et al. 1997a; Anderson and Polis 1998; 1999; Sanchez-Piñero and Polis 2000; 
Stapp and Polis 2003b; Wait et al. 2005). 
 
Islands that serve as nesting or roosting sites for seabirds receive substantial marine 
inputs from nutrient-rich guano, carrion (dead birds), addled eggs, feathers and fish-
scraps (Heatwole 1971; Burger et al. 1978; Smith 1978; Williams and Berruti 1978; 
1979; Sobey and Kenworthy 1979; Bukacinski et al. 1994).  The availability of these 
seabird-derived resources often results in abundant populations of many consumers at 
different trophic levels (herbivores, detritivores and scavengers), such as beetles, 
spiders, scorpions, lizards, snakes and mammals (Polis and Hurd 1996; Stapp et al. 
1999; Sanchez-Piñero and Polis 2000; Bonnett et al. 2002; Markwell and Daugherty 
2002; Stapp and Polis 2003b; Barrett et al. 2005). This has been attributed to both direct 
(scavengers feeding directly on seabird carrion) and indirect (herbivores and detritivores 
feeding on plant material which has been fertilised by seabird guano) pathways of 
spatial subsidisation (Polis and Hurd 1995; 1996; Sanchez-Piñero and Polis 2000).  
 
Seabirds, feeding on marine prey, concentrate and transport large quantities of nutrients 
in their guano to their roosting and nesting grounds (Gillham 1956; Smith 1978; 1979).  
Guano, rich in nitrogen (N; in the form of uric acid, NO3- and NH4+) and phosphorus (P; 
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in the form of phosphate), enriches the soil with these compounds, as well as potassium 
(K), magnesium (Mg) soluble salts and organic matter (Hutchinson 1950; Burger et al. 
1978; Smith 1978; 1979; Anderson and Polis 1999; Garcia et al. 2002).  The resultant 
pH of enriched soil may either increase (Gillham 1960; Bukacinski et al. 1994; Bancroft 
et al. 2004a) or decrease (Smith 1979; Hogg and Morton 1983; Wait et al. 2005).  These 
soil properties are important in determining vegetation composition and structure 
(Chapman 1986). 
 
Although many studies have noted unique vegetation assemblages associated with 
seabirds on islands (e.g. Gillham 1956; 1961; Ornduff 1965; Sobey and Kenworthy 
1979; Abbott 1980), relatively few have quantified these patterns (as discussed in Ellis 
2005).  The activities of seabirds can alter important factors that influence vegetation, 
including nutrient availability, disturbance and seed dispersal (see Ellis 2005).  Seabirds 
are capable of generating a considerable amount of physical disturbance through nesting 
activities (e.g. trampling, nest building and burrowing; Gillham 1956; Sobey and 
Kenworthy 1979; Bancroft et al. 2004a; 2004c), and influencing the recruitment of 
plant species via seed dispersal (Nogales et al. 2001). However, soil nutrient 
concentrations are considered to be the driving factor responsible for vegetation 
community composition in seabird-affected areas (Ellis et al. 2006), as they may 
influence plant establishment, nutritional status, and overall survival, with nutrient-
demanding and disturbance-tolerant species favoured (Gillham 1961; Sobey and 
Kenworthy 1979; Garcia et al. 2002; Bancroft et al. 2005).  
 
This study examines the applicability of the spatial subsidisation hypothesis to an 
oligotrophic marine system with a temperate climate, specifically on islands in the 
coastal eastern Indian Ocean off south-western Western Australia.  In contrast with 
other eastern boundary current regimes, the region is dominated by the warm, poleward-
flowing Leeuwin Current that prevents large-scale upwelling of cold, nutrient-rich water 
(Cresswell 1991; Morgan and Wells 1991) and limits pelagic primary productivity 
(<200mg C m-2 day-1; Hanson et al. 2005).  Within this oligotrophic setting, we ask two 
questions.  Firstly, does seabird density/guano deposition influence vegetation and 
macroinvertebrate assemblages and abundance? And secondly, is there evidence that 
seabird density/guano deposition influences soil and plant nitrogen concentrations, and 
soil, plant, detritus and invertebrate nitrogen stable isotope signatures?  
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High δ15N values are expected in soils receiving seabird guano because of the 15N 
enrichment along marine food chains (Anderson and Polis 1998; 1999; Wainright et al. 
1998; Stapp et al. 1999; Markwell and Daugherty 2002), and the isotopic fractionation 
occurring during volatilisation of the ammonia from guano (Mizutani and Wada 1988; 
Erskine et al. 1998; Schmidt et al. 2004). This guano signal is detected in soil and plants 
that have taken up guano-derived N-compounds (Mizutani and Wada 1988; Mizutani et 
al. 1991; Anderson and Polis 1998; Erskine et al. 1998; Wainright et al. 1998), as well 
as primary consumers (herbivores and detritivores) and predators of these consumers 
(Stapp et al. 1999; Markwell and Daugherty 2002; Maron et al. 2006).  
 
2.2 Materials and Methods  
2.2.1 Study Area 
The study region extended from Shoalwater Bay, approximately 50 km south of Perth, 
to Jurien Bay, approximately 200 km north of Perth (Figure 2.1).  Field sampling was 
conducted on nine islands: four in the Perth region (Penguin, Seal, Bird and Carnac 
islands) and five in the Jurien/Cervantes region (North and South Cervantes, Whitlock, 
Boullanger and Favourite islands; Table 2.1). Unfortunately, there are no islands in 
either region without seabirds to be used as control islands, therefore three coastal 
mainland reference sites were chosen as they have similar geology and vegetation to the 
selected islands, and have little or no presence of seabirds.  The mainland reference sites 
were located at Point Peron (Perth region), Jurien Bay (Jurien/Cervantes), with a third 
site between the two regions at Two Rocks (Fig. 2.1).  Both regions experience a 
Mediterranean climate with hot, dry summers and cool wet winters.  Mean annual 
rainfall of Perth and Jurien is 786.4 mm and 559.5 mm, respectively (Bureau of 
Meteorology 2006).  With the exception of recreational activities, no previous land-use 
history has been recorded for any of the study islands (Chape 1984: DCLM 2001). 
 
Table 2.1 Description of islands including location, size and distance from the mainland. 
Region Island Location Size (ha) Dist. from  mainland (km) 
Perth Penguin 32°31´S., 115°69´E 12.54 0.4 
  Seal 32°29´S., 115°69´E  1.2 0.5 
  Bird 32°28´S., 115°69´E 0.9 0.2 
  Carnac 32°7´22"S., 115°39´49"E 17.2 8 
Jurien South Cervantes 30°31’58”S, 115°02’37”E 0.9 2.7 
  North Cervantes 30°31’28”S, 115°02’41”E 3.2 1.6 
  Favourite 30°17’02”S, 115°00’23”E 3 3.3 
  Boullanger 30°18’59”S, 115°00’13”E 25.9 1.1 
  Whitlock 30°19’19”S, 114°59’30”E 5.4 2.4 
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Figure 2.1 Map of the study area showing location of Perth, Two Rocks and Cervantes/Jurien Bay in 
south-western Australia. 
 
All islands in the study have significant seabird populations (Table 2.2), which fluctuate 
both seasonally and inter-annually (Dunlop and Storr 1981; Rippey et al. 1998).  On 
islands in the Perth region, 14 of the 48 species recorded in the area nest exclusively on 
the islands, including the Little penguin (approx. 600 – 700 pairs on Penguin Island), 
Little shearwater (approx. 20 pairs on Penguin Island), Pied cormorant (1300 pairs 
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combined on all islands in 2000), Silver gull (from nil in 1940 – 1942 to more than 
4000 pairs in 1988) and Bridled terns (Sterna anaethetus) (1000 pairs on Penguin Island 
and significant populations on Bird Island; Chape 1984; Dunlop et al. 1988; Orr and 
Pobar 1992; Rippey et al. 2002b).   
 
The islands in Jurien Bay also have significant seabird populations.  Boullanger Island 
has ten species of nesting seabirds (the majority of which nest exclusively on the 
northern plateau area of the island; S. Harrison, personal observation), Whitlock Island 
has nine, Favourite Island has eight, South Cervantes Island has 14 and North Cervantes 
Island has 13 (DCLM 2001; Table 2.2).  These islands lie in the overlap of the tropical 
and temperate marine biogeographical zones, denoted as the Central West Coast Marine 
Bioregion (DCLM 2001; Keighery et al. 2002).  
 
The islands were first formed approximately 10 000 years ago when successive periods 
of glaciation and deglaciation caused large fluctuations in the sea level (Playford 1983).  
During periods of glaciation, when the sea level was at its lowest, large areas of the 
continental shelf were exposed to wind erosion and as a result, extensive parallel sand 
dunes were formed and subsequently hardened to form aeolianite limestone (Playford 
1983).  When the sea reached its current level, these hardened dunes were exposed, 
forming islands and emergent rocks.  The majority of the islands have been separated 
from the mainland for at least 6 500 years.  The islands have since been exposed to the 
natural processes of erosion to produce capstone and solution pipes, which are evident 
on most of the study islands (Chape 1984).  Weathering of the limestone has resulted in 
slopes of eroded material (talus), which are sometimes covered in shallow sand.  The 
islands’ soils are derived from bedrock, calcareous wind deposited sand or organic 
material.  Larger islands, such as Penguin, Boullanger and Favourite islands, have sand 
dune systems that are derived from wind-transported sand or from weathering of the 
bedrock, whilst intertidal reef platforms and beaches surround most of the islands 
(Chape 1984; Playford 1988; Rippey et al. 1998). 
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Table 2.2 Seabird species nesting on selected study islands (x indicates presence). 
Species Common name Pe
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Eudyptula minor  Little Penguin x x   x           
Falco cenchroides Australia Kestrel      x x x x   
Haematopus ostralegus  Pied Oystercatcher x x  x x x x x x 
Haliaeetus leucogaster  White-bellied Sea Eagle         x   
Hirundo neoxena Welcome swallow x    x x x x x 
Larus novaehollandiae Silver Gull   x x x x x x x  x 
Larus pacificus Pacific Gull       x x x x x x 
Neophema petrophila Rock Parrot        x x x 
Pandion haliaetus Osprey        x x x x x 
Pelagodroma marina White-faced Storm Petrel     x    x x x 
Phalacrocorax melanolcucos Little Pied Cormorant   x    x      
Phalacrocorax varius Pied Cormorant     x x x x x x  x 
Puffinis assimilis Little Shearwater   x    x x     
Puffinis pacificus Wedge-tailed Shearwater      x x x x x   
Sterna anaethetus Bridled Tern   x x x x x x  x   
Sterna bergii Crested Tern     x  x x x     
Sterna caspia Caspian Tern     x x x x x x  x 
Sterna dougallii Roseate Tern     x   x x     
Sterna fuscata Sooty tern     x       
Sterna nereis Fairy Tern               x x   
(source: Dunlop and Storr 1981; Rippey et al. 1998; DCLM 2001) 
 
2.2.2 Field sampling 
At each island and mainland site, eight 5 x 5 m quadrats were utilised to quantify guano 
cover (%), total plant cover (%), vegetation species composition, macroinvertebrate 
abundance and community composition.  Plant, macroinvertebrate, leaf litter and soil 
samples were collected for nutrient (total N of plant and soil samples only) and nitrogen 
stable isotope (δ15N) analysis.  Quadrats were randomly distributed throughout each 
island/mainland site, with a minimum of 10m between quadrats.  Field sampling was 
conducted from April to May 2005.   
 
Ideally, it would be more appropriate for the purpose of the study to compare islands 
with different densities of seabirds or sample different zones of varying seabird 
influence within and between islands (i.e. none, low, medium, high; Ryan and Watkins 
1989; Garcia et al. 2002; Orgeas et al. 2003).  Seabird densities on the selected islands 
are not uniform, and many seabirds alternate their nesting and roosting sites year after 
year, as their habitat is often destroyed from over-manuring and trampling (Gillham 
1961; Wooller and Dunlop 1981).  Additionally, the effects of seabirds can be measured 
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in soils for a considerable length of time after seabirds have departed (~300–700 years; 
Mizutani et al. 1991).  The combination of these factors would have made the sample 
design too complex.  For the purpose of distinguishing the mainland sites from islands 
in the results section, mainland sites have been colour-coded differently from islands.  
With the exception of the Mann-Whitney U tests comparing islands and mainland sites 
for nitrogen stable isotope results for invertebrates, no statistical test were carried out to 
test for differences between the two, given that mainland sites are not orthodox 
‘controls’. 
 
Additionally, wrack input is likely to be more significant on some islands than others, as 
some islands have large sandy beach areas (e.g. Boullanger, Carnac, Whitlock, Penguin, 
North Cervantes and Favourite islands), while others are surrounded by cliffs  (e.g. Bird 
and South Cervantes islands).  Whilst wrack has been identified as providing an 
important subsidy to littoral scavenger and detritivores populations (Polis and Hurd 
1996; Stapp and Polis 2003; Ince 2004), its influence was not measured in this study. 
 
Seabird density and Guano cover 
The percentage of ground covered with guano was visually estimated in each 5 x 5m 
quadrat.  Seabird density is difficult to quantify accurately, due to high seabird mobility 
on daily, seasonal and annual scales (Dunlop and Storr 1981; Dunlop et al. 1988).  
Sanchez-Piñero and Polis (2000) also encountered this problem and as a result, used 
guano cover and seabird presence/absence to quantify the effects of seabirds.  
Additionally, it was found that seabird density showed no relationship with guano cover 
(r2 = 0.002), therefore seabird density results were not discussed in the results. 
 
Vegetation 
Species richness, total percent plant cover and species assemblages (percentage cover of 
each species) were visually estimated in each 5 x 5m quadrat.  Leaves of the most 
dominant/common plant species were collected for nutrient (total N) and δ15N analysis.  
Samples were stored in sealed plastic bags and then stored in a -20°C freezer, until 
processed.  In the laboratory, one to five leaves (depending on the species) were rinsed 
in DI water and oven dried in Eppendorf tubes at 60°C (Lajtha and Michener 1994) for 
48 hours.  Samples were then ground in the ballmill. 
 
Macroinvertebrates 
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Macroinvertebrates were collected via the active searching method, whereby the total 
search time for each quadrat was one hour (30 minutes with two people searching).  
Invertebrates were stored in plastic vials in the field and left overnight to clear their 
guts.  Invertebrates were then stored in a -20 °C freezer.  Once in the lab, the 
invertebrates were sorted to the nearest identified level (ants to species, beetles and 
spiders to family, others to order), counted and weighed for biomass.  Once identified, 
ants, spiders and gastropods were placed in Eppendorf tubes and oven dried at 60°C for 
48 hours.   
 
Due to the presence of endangered fauna and shallow tops soils on some of the islands, 
pitfall traps could not be used.  Additionally, pitfall traps are biased towards ground-
dwelling species, and would miss certain canopy fauna, such as web spiders (Enge 
2001).  Draw-backs from active searching are that it tends to miss cryptic and nocturnal 
species. 
 
Soil and leaf litter 
Approximately 50 g of surface soil, collected from four random points within each 5 x 5 
m quadrat, were combined to form one sample.  Leaf litter (organic material on the 
surface of the soil) was removed, and samples were stored in airtight plastic bags, which 
were then stored at -20°C.  In the laboratory, soil samples were sieved (2 mm mesh) to 
remove rocks and large pieces of organic matter.  Leaf litter and soil samples were oven 
dried in foil cups at 60°C for 48 hours.  Soil moisture was calculated as the mass lost 
after dehydrating the sample. Sub-samples were then ground in a ball mill for analysis 
of total N and δ15N.  Soil pH was measured in a 1:5 (10mg soil: 50ml DI water) solution 
with 1ml of 1 mol CaCl2, shaken for 15 minutes on an orbital shaker and left to stand for 
a further 15 minutes before reading with a pH meter. Electrical Conductivity (EC) was 
measured in a 1:5 (10mg soil: 50ml DI water) solution, using an EC meter.  Soil organic 
matter content (loss on ignition – LOI) was obtained by combusting the samples in a 
furnace at 550 °C for 3 hours.  
 
Total N and Stable Isotope Analysis 
All samples were ground using a ballmill until they formed a fine powder and were 
weighed to approximately 2mg (macroinvertebrates), 5mg (vegetation) and between 5 
and 40mg for soil (depending on estimated % N). Macroinvertebrate and vegetation 
samples were placed in 6 x 4 mm tin capsules, with soil being measured into 8 x 5mm 
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tin capsules.  Soil, leaf and invertebrate samples were analysed for total N and δ15N 
using an ANCA-NT (Europa Scientific, Crewe, UK) interfaced with a 20-20 isotope 
ratio mass spectrometer (Europa Scientific, Crewe, UK).  δ15N values of  plant, 
invertebrate and soil samples were determined by comparison with either a plant (wheat 
flour), fish or soil reference material, which had previously been calibrated against 
Ambient Inhalable Reservoir (AIR) standard reference material with a precision of 
<0.1‰.  All δ15N results, expressed as using the per mil (‰) notation, are traceable to 
the internationally accepted AIR scale. Soil total N (%) results were then converted to 
mg/g. 
 
Soil total N and δ15N values for each site were based on the average of eight replicate 
samples (one replicate from each quadrat per site).  Stable isotope values for leaf litter 
for each site were based on the average of four (out of a possible eight) randomly 
selected replicate samples.  Mean total N and δ15N values for plant species for islands 
and coastal areas were based on all replicate samples of each particular species for each 
category (i.e. island or coast).  Gastropod and spider isotope signatures were based on 
average bulked replicate samples from each site.  Gastropods specimens were all the 
same identified species, whilst bulked spider samples were of mixed species.  This was 
due to the lack of common species and individuals within and across sites.  In the case 
where few specimens were collected within a site, only one bulked sample was 
analysed.  Iridomyrmex and Camponotus species of ants were also bulked, resulting in 
one sample per island for each genera (depending on whether the genera was present at 
the site).   
 
2.2.3 Data Analysis 
Soil properties (pH, EC, LOI, moisture, total N and δ15N), total N of leaf and leaf litter, 
macroinvertebrate abundance and δ15N leaf and leaf litter data were analysed using 
Kruskal-Wallis tests to investigate for significant differences among all sites.  
Individual post hoc comparisons between sites were analysed using Mann-Whitney U-
test where replication was appropriate.  The results of these comparisons are grouped 
and marked alphabetically, where those marked with an ‘a’ are statistically similar to 
others marked with ‘a’, but are not necessarily similar to those marked with a ‘b’ or ‘c’.  
Where inconsistencies in the number of replicate samples within sites were found and 
multiple comparisons could not be performed (invertebrate δ15N data), Mann-Whitney 
U-tests were used to test for significant differences between islands and the mainland. 
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These non-parametric tests were used after the data failed the assumptions of normality, 
even after transformation.  Linear regressions were conducted between various 
combinations of variables. All univariate statistical analyses were performed using 
SPSS (Windows, Rel. 13.0 2005 Chicago: SPSS Inc.). 
 
Multivariate structure of environmental variable data (soil and leaf total N and δ15N, soil 
pH, electrical conductivity, soil moisture, plant cover, guano cover and species richness) 
was explored by applying Principal Component Analysis (PCA), after confirming the 
domination of linear relationships between these variables using the draftsman plot.  
Data were normalised and LOI was removed due to the high correlation with soil total 
N.  
 
Multivariate analyses were also used to investigate patterns in the assemblages of 
vegetation and macroinvertebrates among sites, using Primer 5 (Clarke and Gorley 
2001).  Vegetation species assemblage (% cover) and macroinvertebrate abundance and 
biomass data were derived from the eight quadrat replicate samples from each island.  
Vegetation species assemblage data and macroinvertebrate abundance data were square-
root transformed, and macroinvertebrate biomass data were 4th root transformed (to 
minimise the dominance of species occurring at high biomass, e.g. gastropods), whilst 
the Bray-Curtis similarity measure was used to construct the similarity matrix.  Data 
were ordinated using non-metric multi-dimensional scaling (nMDS) to examine overall 
patterns in similarities of species composition and one-way analysis of similarities 
(ANOSIM) was used to test for differences among all sites.  The ANOSIM test (Clarke 
and Green 1988), which is based on the Bray-Curtis similarity index, does not require 
normal distribution of data to compute R-statistics and significance values. ANOSIM 
calculates the mean rank between samples to test for the significance of any clustering 
patterns among groups of samples (Clarke and Warwick 1994). Three replicates of the 
macroinvertebrate data (one from Penguin, two from North Cervantes) were removed 
from the nMDS analysis since they contained no invertebrates.  Pair-wise comparisons 
for each island were carried out to determine which sites differed significantly.  The 
significance level (p<0.001) was determined using the Bonferroni correction (α / # of 
pair-wise comparisons; e.g. 66).   
 
Similarity of percentages (SIMPER) was used to determine which species were causing 
the dissimilarity.  SIMPER is a multivariate, exploratory routine that compares 
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‘treatments’ (i.e. islands versus mainland) to determine which species are driving 
community differences.  SIMPER does not compute pair-wise statistical significance for 
specific species, but it does indicate which species contribute most consistently to 
differences between communities through the use of standard deviation and 
dissimilarity (Clarke and Warwick 2001). 
 
BIOENV was used to establish associations of environmental variables (the same data 
set used for the PCA) with vegetation species assemblage data, which is comparable to 
multiple regression.  It examines all possible combinations of variables, from each one 
individually through to all at once.  Vegetation species assemblage data were not 
transformed, and the Bray-Curtis similarity index was used to produce the similarity 
matrix, while environmental variable data were non-transformed, using the normalised 
Euclidean distance to create the similarity index. 
 
2.3 Results 
2.3.1 Soil Properties  
A range of soil variables differed among sites, with those on islands generally differing 
to those in mainland sites (Table 2.3, Fig. 2.2).  However, there was high variability 
between and within some islands (e.g. Carnac Island).  Guano cover differed across all 
sites (Table 2.3) and was significantly higher on Seal Island (47.5% ± 6.6 SE; p<0.05; 
Fig 2.2a) than any other site.  Guano cover on islands was lowest on Boullanger (0.06% 
± 0.02 SE) and Whitlock (0.2% ± 0.1 SE) islands, and was absent at all three mainland 
sites.  Soil total N differed significantly among all sites (p<0.001) and was 6.8 times 
higher on islands compared to mainland sites (p<0.001; Fig. 2.2b and Table 2.3).  Two 
main groupings based on total N were identified through multiple comparisons 
(p<0.05), with the three mainland sites (Point Peron, Two Rocks and Jurien) as well as 
Boullanger and Favourite islands having significantly lower total N compared to South 
Cervantes, North Cervantes, Bird and Seal islands (Fig. 2.2b.  Soil total N was greatest 
on North Cervantes (mean 17.5 mg/g ± 0.4 SE), Seal (mean 11.7 mg/g ± 0.2 SE) and 
Bird (mean 10.4 mg/g ± 0.2 SE) islands, whilst the lowest was found at Jurien (mean 
0.37 mg/g ± 0.03 SE) and Two Rocks (mean 0.53 mg/g ± 0.01 SE).   
 
Soil δ15N differed amongst sites (p<0.01) and was enriched on islands compared to 
mainland sites (mean enrichment 11.23‰; Fig. 2.2c, Table 2.3).  Variability was high 
among islands, and moderate within islands (e.g. Boullanger and North Cervantes 
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islands).  On islands, mean δ15N values ranged from 21.1‰ at South Cervantes to 
11.2‰ at Boullanger Island, in comparison values ranged from 5.9‰ (Point Peron) to 
6.3‰ (Jurien) on the mainland.  The three mainland sites were significantly depleted in 
δ15N than all island sites (p<0.05), whilst Seal, Bird, North Cervantes, South Cervantes 
and Whitlock Islands were significantly enriched compared to Boullanger, Penguin and 
Carnac Islands (p<0.05; Fig 2.2c). 
 
Soil electrical conductivity (EC), pH, soil organic matter content (Loss on Ignition – 
LOI) and soil moisture differed significantly among sites (Table 2.3) and, with the 
exception pH, were higher on island than mainland sites. High variability was measured 
on islands for EC, organic matter content and soil moisture (Fig. 2.2e, f and g).  Soil pH 
was significantly more acidic on Seal, Carnac and Bird islands (p<0.05), than all other 
study sites, and was most alkaline at Jurien, Two Rocks, Whitlock Island and 
Boullanger Island (Fig. 2.2d).  EC was approximately 5-fold greater on islands than 
mainland sites, and was significantly higher on Seal, North and South Cervantes islands, 
although the highest variability was also recorded for these islands (Fig. 2.2 e).  Soil 
organic matter content was significantly higher on North Cervantes Island (p<0.05) and 
lowest at Jurien, Two Rocks, Boullanger Island and Whitlock Island (Fig. 2.2f).  Soil 
moisture was significantly higher on North Cervantes Island and lowest at Jurien, Point 
Peron, Favourite Island and Penguin Island (p<0.05; Fig. 2.2g).  
 
Soil total N was positively correlated with soil δ15N (r2 = 0.35), although there was 
greater variability in δ15N values associated with low total N (Fig. 2.3b).  Guano cover 
was weakly correlated with soil total N (r2 = 0.075; Fig. 2.3a) and δ15N (r2 = 0.12; Fig. 
2.3c).  LOI was positively correlated with soil total N (r2 = 0.9, p<0.001) and soil 
moisture (r2 = 0.55, p<0.001).  pH was somewhat correlated with EC (r2 = 0.34, 
p<0.001) and weakly correlated with δ15N (r2 = 0.11, p<0.01). 
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Figure 2.2 Mean values (± SE) for a) guano cover (%), b) soil Total N (mg/g), c) δ15N (‰), d) pH, e) electrical conductivity (EC), f) soil organic matter content (Loss On 
Ignition - LOI) and g) soil moisture (%) for the island and mainland sites.  Letters indicate results of pair-wise comparisons, where each letter corresponds to subsets of 
significantly similar sites. 
Table 2.3 Mean values (± SE) of soil total N, δ15N, pH, Electrical Conductivity (EC), soil organic matter 
content (Loss On Ignition - LOI) and soil moisture (%) for islands and mainland sites with Kruskal-
Wallis test results for differences among sites. 
 Soil variable Island Mainland df chi-square p 
Guano cover (%) 12.87 (2.3) 0 11 74 <0.01 
Total N (mg/g) 7.5 (0.1) 1.1 (0.03) 11 67.4 <0.01 
δ15N (‰) 17.3 (0.5) 6.1 (0.2) 11 76.6 <0.01 
pH 7.4 (0.04) 7.7 (0.05) 11 53.9 <0.01 
EC (uS/cm) 980 (118.5) 196.9 (25.9) 11 73.6 <0.01 
LOI (%) 12.4 (1.3) 3.3 (0.6) 11 63.9 <0.01 
Soil moisture (%) 13.9 (1.5) 4.7 (0.7) 11 73 <0.01 
 
 
 
Figure 2.3 Linear relationships for a) soil total N (mg/g) and soil δ15N (‰), b) guano cover (%) and soil 
total N (mg/g) and c) guano cover (%) and δ15N (‰).  
 
2.3.2 Plant Nutrients and Stable Isotopes 
Total N of leaves from plant samples were significantly different across sites (Table 2.4) 
and was 2.2 times greater on islands compared to mainland sites (3.88% versus 1.73%).  
Due to lack of replication within some sites for certain species, multiple comparisons 
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could not be made.  Leaves of Nitraria billardierei and Malva dendromorpha were 
particularly high in total N (mean 4.6% ± 0.2 SE and mean 5.9% ± 0.2 SE, respectively; 
Fig. 2.4).  Bulked total N concentrations in leaves were generally lower in the three 
mainland sites compared to islands (Fig. 2.5).  Total N of leaves for the different species 
were variable and showed no particular trends between sites.  Furthermore, total N of 
leaves was highly variable among species. δ15N values of leaves were significantly 
different among sites (Table 2.4), and were enriched on islands compared to mainland 
sites (mean enrichment 7.1‰; Fig. 2.4 and 2.5).  Values of δ15N were particularly high 
in leaves of Malva dendromorpha and Nitraria billardierei (mean >16.5‰).  The mean 
δ15N values of Olearia axillaris (6.6‰ ± 2 SE) and Scaevola crassifolia (4‰ ± 0.7 SE) 
on islands were much more similar to those of mainland plants (mean 3.3‰ ± 0.4 SE).  
Generally, δ15N values of plants on Boullanger Island were lower than those on other 
islands, but higher than those of mainland sites (Figures 2.5 and 2.6), although this was 
not the case for Nitraria billardierei (Fig. 2.6f).   
 
Total N of leaf litter differed significantly among sites (Table 2.4) and was 1.6-fold 
greater on islands compared to mainland sites (mean 2.2% vs 1.3%). Total N of leaf 
litter was significantly higher on Penguin Island (mean 2.8% ± 0.3 SE; p<0.05) than 
Two Rocks (mean 1.1% ± 0.1 SE) and Jurien (mean 1.2% ± 0.1 SE), although 
variability was relatively high on some islands (e.g. Bird Island; Fig. 2.7).  δ15N of leaf 
litter also differed significantly among sites (Table 2.4) and was 13.3‰ higher on 
islands (mean 14.4‰ ± 1.3 SE) compared to mainland sites (mean 1.2‰ ± 0.7 SE).  
δ15N of leaf litter at the three mainland sites and Boullanger Island were significantly 
lower (p<0.05) than those on other islands. Mean δ15N values of litter were highest on 
Whitlock (18.6‰ ± 0.5 SE) and South Cervantes (17.5‰ ± 1.1 SE) Islands, although 
not significantly so.   
 
A positive relationship was exhibited between total N and δ15N of leaves (r2 = 0.39, Fig 
2.8a), whereas total N of leaves was barely correlated with total N of soil (r2 = 0.17, Fig. 
2.8b) or guano cover (r2 = 0.11, Fig. 2.8c). Leaf δ15N was strongly correlated with soil 
δ15N (r2 = 0.82, Fig 2.8d), but not with guano cover (r2 = 0.104, Fig. 2.8e). Litter δ15N 
was not correlated with total N (r2 = 0.1, p = 0.2). 
 
The first axis (PC1) of a Principal Components Analysis (PCA) of environmental 
variables across all sites, accounted for 53.5% of the variation, while the second axis 
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(PC2) accounted for only 14% of the variation (Fig. 2.9).  The plot revealed distinct 
clustering of the three mainland sites with Boullanger Island along PC1, which was 
driven by higher species richness and pH (Table 2.5).  The separation of samples from 
Seal and Bird islands to the left-hand side of the plot was attributed to a combination of 
higher guano cover, total N and δ15N of soil and leaves, EC and soil moisture, in 
comparison to the other sites. 
 
 
Figure 2.4 Mean values (± SE) of leaf total N (%) and δ15N ratios (‰) for different plant species 
collected from islands (closed symbols) and mainland sites (open symbols).   
 
 
Figure 2.5 Mean values (± SE) of total N (%) and δ15N ratios (‰) for bulked plant samples for all sites. 
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Table 2.4 Results of Kruskal-Wallis tests for differences across all sites for leaf total N and δ15N for the 
different plant species. Bold type indicates significance at the p<0.05 level. Note: Each species was found 
at a subset of all sites during the study. 
      Total N δ15N 
Variable n df chi-square p chi-square p 
Leaf 196 11 111.3 <0.001 138.4 p<0.05 
Leaf litter 48 11 27.2 p<0.05 39 p<0.05 
Species:           
Scaevola crassifolia 20 7 12.9 0.73 11.9 0.102 
Olearia axillaris 27 5 10.4 0.065 15.9 0.007 
Rhagodia baccata 36 6 27.3 <0.001 27.4 <0.001 
Threlkeldia diffusa 30 8 16.6 0.034 21.3 0.006 
Tetragonia decumbens 29 7 18.9 0.008 17.2 0.016 
Nitraria billardierei 33 8 8.4 0.39 17.7 0.024 
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Figure 2.6 Mean values (± SE) of leaf total N (%) and δ15N ratios (‰) for different plant species from islands (closed symbols) and mainland sites (open symbols). 
Lack of replication within some sites is indicated by absence of error bar. 
 
Figure 2.7 Mean values (± SE) of total N (%) and δ15N ratios (‰) of leaf litter from islands (closed 
symbols) and mainland sites (open symbols). 
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Figure 2.8 Linear relationships between a) leaf total N and δ15N, b) soil and leaf total N, c) guano cover 
and leaf total N, d) soil and leaf δ15N and e) guano cover and leaf δ15N. 
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Figure 2.9 Ordination plot for Principal Component Analysis (PCA) of environmental variables: soil and 
plant total N (TN) and δ15N, soil pH, soil moisture, electrical conductivity (EC), plant species richness, 
guano cover and plant cover.  Lines indicate the direction and position of the eigenvalues for PC1 and 
PC2.  
 
Table 2.5 Eigenvalues of environmental variables for PCA axes 1 and 2.  
Variable PC1 PC2 
Soil Total N -0.335 -0.286 
Soil δ15N -0.355 -0.245 
Leaf Total N -0.31 -0.056 
Leaf δ15N -0.354 -0.213 
Soil moisture -0.35 -0.191 
Soil pH 0.295 -0.105 
Electrical conductivity -0.333 -0.029 
Guano cover -0.279 0.573 
Species Richness 0.32 -0.097 
Plant cover 0.202 -0.65 
 
2.3.3 Vegetation Species Assemblages 
Carpobrotus virescens, Tetragonia decumbens, Scaevola crassifolia and Olearia 
axillaris were generally more commonly found at mainland sites than on islands (Table 
2.6).  Common species on islands included Nitraria billardierei, Threlkeldia diffusa and 
Rhagodia baccata, which were often interspersed with mixed herb fields of annual 
ruderal and grass species (i.e. Bromus diandrus, Avena barbata and Ehrharta 
longiflora), whilst Seal and Bird islands, were dominated by Malva dendromorpha and 
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Nitraria billardierei.  Species richness differed significantly among all sites (KW78.1 df 
11, p<0.05), and was significantly greater at Two Rocks (9.1 ± 0.4 SE), Point Peron (8.4 
± 0.4 SE) and Boullanger Island (8.2 ± 0.3 SE) than at all other sites.  Species richness 
was also higher at the mainland site Jurien, and Favourite and North Cervantes islands 
than Bird (1.9 ± 0.2 SE) and Seal (2.2 ± 0.3 SE) islands (p<0.05; Fig. 2.10a).  Plant 
cover differed significantly across all sites (KW53.6 df 11, p<0.05) and was significantly 
greater at the mainland sites Two Rocks (94.4% ± 1.03 SE) and Point Peron (90.0% ± 
1.33 SE) than at Seal (55.9% ± 9.9 SE), Carnac (61.25% ± 8.7 SE), Favourite (63.1% ± 
5.9 SE) and Bird islands (66.2% ± 6.1 SE; Fig. 2.10b).  Total plant cover was negatively 
correlated with guano cover (r2 = 0.43; Fig2.11a), whilst no relationship was found 
between plant cover and soil total N (r2 =0.02; Fig2.11b) or soil δ15N (r2 = 0.04; Fig 
2.11c). 
 
One-way ANOSIM of replicate data for percent cover of plant species at each site 
revealed that vegetation assemblages differed among sites (R. = 0.77, p<0.001), whilst 
pair-wise comparisons showed that assemblages also differed significantly between the 
majority of sites (Table 2.7).  Non-metric MDS ordination analysis of those same data 
grouped samples from the three mainland sites (Point Peron, Jurien and Two Rocks) 
together with some samples from Boullanger and Favourite islands (Fig. 2.12).  Despite 
this grouping, vegetation assemblages at Point Peron were statistically different to both 
other mainland sites, Two Rocks (R. = 0.45, p<0.001) and Jurien (R. = 0.62, p<0.001), 
whilst Boullanger Island was the only island that was not significantly different to Point 
Peron.  The two Boullanger Island samples, which lie in the centre of the plot, were the 
only two samples taken from areas within the island that appeared to be subject to 
seabird influence (northern plateau area, more similar to Whitlock Island).  The nMDS 
also revealed a separation of Seal and Bird islands to the upper right-hand side of the 
plot, with both islands invariably being statistically different to all sites (Table 2.7).  
 
SIMPER revealed that Olearia axillaris, Scaevola crassifolia, Spinifex longifolius, 
Nitraria billardierei, Rhagodia baccata and Malva dendromorpha accounted for most 
of the dissimilarity between islands and mainland sites (Table 2.8).  Olearia axillaris, 
Scaevola crassifolia and Spinifex longifolius accounted for the greatest contribution to 
dissimilarity with each species being >4 times more abundant on mainland sites than 
islands.  The main environmental variables produced by BIOENV, which correlated 
with vegetation species assemblages were total N and EC of soil, leaf δ15N, guano cover 
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and species richness, and to a lesser extent, leaf total N, plant cover, soil δ15N and pH 
(Table 2.9). 
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Table 2.6 Plant species commonly sampled (present in ≥3 25m2 sampling quadrats per site) on islands and mainland sites (* indicates exotic species). 
      Coast Islands 
Family Species Common name 
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Poaceae Spinifex longifolius R.Br. Beach spinifex x x                     
Asphodelaceae Trachyandra divaricata (Jacq.) Kunth* Onion we  ed x x             
Cyperaceae Lepidosperma gladiatum Labill. Coast sword-sedg  e x             
Apocynaceae Alyxia buxifolia R.Br. Dysentery bu  sh   x           
Geraniaceae Pelargonium capitatum (L.) L'Her* Rose pelargoniu  m x             
Aizoaeceae Carpobrotus virescens (Haw.) Schwantes Coastal pigface x x x x     x     
Asteraceae Olearia axillaris (DC.) Benth. Coastal daisybush x x x       x  x 
Aizoaeceae Tetragonia decumbens Mill.* Sea spinach x x x x      x  x 
Goodeniaceae Scaevola crassifolia Labill. Thick-leaved fan-flower x x x       x    
Chenopodiaceae Rhagodia baccata (Labill.) Moq. Berry saltbush x  x x   x     x 
Frankeniaceae Frankenia pauciflora DC. Seaheath   x      x     
Chenopodiaceae Threlkeldia diffusa R.Br. Coastal bonefruit        x x x x x 
Zygophyllaceae Nitraria billardierei DC. Nitre bush     x x  x   x x 
Malvacaeae Malva dendromorpha M.F.Ray* European tree mallo  w x x             
Chenopodiaceae Atriplex cinerea Poir. Grey saltbush         x  x   
Mimosaceae Acacia rostelliffera Benth. Summer-scented wattle       x       
Poaceae Avena barbata Link* Bearded oat        x      
Poaceae Bromus diandrus Roth* Great brom  e x             
Poaceae Ehrharta longiflora Sm.* Annual veldt gras  s x             
Myoporaceae Myoporum insulare R.Br. Blueberry tree                       x 
  
  
Figure 2.10 Mean values (+ SE) for a) species richness (mean number of species per 25m2 quadrat) per 
site and b) plant cover (%) per site on the islands and mainland. Letters indicate results of pair-wise 
comparisons, where each letter corresponds to subsets of significantly similar sites.
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Figure 2.11 Linear relationships between a) guano cover (%) and plant cover (%), b) soil total N (mg/g) 
and plant cover (%) and c) soil δ15N (‰) and plant cover (%) (n = 96). 
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Figure 2.12 Two-dimensional nMDS ordination of vegetation species assemblages, using species percent 
cover data.  Data was square root transformed using the Bray-Curtis similarity index. 
 
Table 2.7 R-statistic and significance values from one-way ANOSIM pair-wise comparisons for vegetation species composition (% cover). Bold type indicates terms for 
which p<0.001 using the Bonferroni correction.  Number of permutations = 6435. 
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Penguin 
 
X 
             
Seal 
 
0.794  
(<0.001) 
X 
            
Bird 
 
1.000  
(<0.001) 
0.529 
(0.001) 
X 
           
Carnac 
 
0.270 
(0.002) 
0.89  
(<0.001) 
0.994 
(<0.001) 
X 
          
South Cerv. 
 
0.923  
(<0.001) 
0.310 
(0.002) 
1.000  
(<0.001) 
1.000  
(<0.001) 
X 
         
North Cerv. 
 
0.776  
(<0.001) 
0.761  
(<0.001) 
1.000  
(<0.001) 
0.967 
(<0.0001) 
0.819 
(<0.001) 
X 
        
Boullanger 
 
0.618  
(<0.001) 
0.634 
(0.001) 
0.914 
(<0.001) 
0.660 
(<0.001) 
0.703 
(<0.001) 
0.521 
(<0.001) 
X 
       
Whitlock 
 
0.941  
(<0.001) 
0.607  
(<0.001) 
0.998  
(<0.001) 
0.980 
(<0.001) 
0.632 
(<0.0001) 
0.580 
(0.001) 
0.569 
(0.002) 
X 
      
Favourite 
 
0.643  
(<0.001) 
0.545  
(<0.001) 
0.993 
(<0.001) 
0.796 
(<0.001) 
0.598 
(<0.001) 
0.645 
(<0.001) 
0.219 
(0.030) 
0.519 
(<0.001) 
X 
     
Point Peron 
 
0.564  
(<0.001) 
0.919  
(<0.001) 
1.000  
(<0.001) 
0.652 
(<0.001) 
1.000  
(<0.001) 
0.802  
(<0.001) 
0.318 
(0.014) 
0.948  
(<0.001) 
0.452  
(<0.001) 
X 
    
Two Rocks 
 
0.982  
(<0.001) 
0.929  
(<0.001) 
0.100 
(<0.001) 
0.929 
(<0.001) 
1.000  
(<0.001) 
0.991  
(<0.001) 
0.425 
(<0.001) 
0.996  
(<0.001) 
0.565  
(<0.001) 
0.449 
(<0.001) 
X 
   
Jurien 
 
0.981  
(<0.001) 
0.929   
(<0.001) 
1.000 
(<0.001) 
0.983 
(<0.001) 
0.999 
(<0.001) 
0.988  
(<0.001) 
0.484 
(<0.001) 
0.997  
(<0.001) 
0.516 
(<0.001) 
0.621 
(<0.001) 
0.336 
(0.007) 
X 
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Table 2.8 Plant species determining dissimilarity of vegetation community composition between islands and mainland sites determined by SIMPER. 
Average dissimilarity: 92.13 
Species 
Island Av. 
Abundance 
Mainland Av. 
Abundance 
Av. 
Dissimilarity 
Dissimilarity 
/SD Contribution % 
Cumulative 
Contribution % 
Olearia axillaris 2.53 16.25 11.63 1.5 12.62 12.62 
Scaevola crassifolia 3.19 15.08 11.09 0.92 12.04 24.66 
Spinifex longifolius 0.64 14.38 10.17 0.84 11.04 35.7 
Nitraria billardierei 14.35 0.21 9.57 0.63 10.38 46.09 
Rhagodia baccata 9.47 4.92 8.14 0.7 8.84 54.92 
Malva dendromorpha 7.18 0 5.22 0.38 5.66 60.59 
Tetragonia decumbens 4.74 3.5 4.58 0.62 4.97 65.56 
Atriplex cinerea 5.9 0 3.71 0.39 4.02 69.58 
Frankenia pauciflora 3.17 1.38 2.9 0.46 3.15 72.73 
Carpobrotus virescens 1.97 2.69 2.69 0.7 2.92 75.64 
Threlkeldia diffusa 3.81 0.44 2.65 0.54 2.87 78.52 
 
Table 2.9 BIOENV results for plant species assemblage data.  Both biological community and environmental data were untransformed. X indicates inclusion of this 
environmental variable in the explanatory subset, while highest correlation coefficient (ρ) indicates best explanatory environmental variable subset.  
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3 0.892 x x x x  x     
5 0.892 x x x  x  x    
5 0.892 x  x  x  x  x 
5 0.89 x x x x x         
 
2.3.4 Invertebrate Abundance and Assemblages  
2.3.4.1 Invertebrate Abundance 
Ant, spider, beetle, gastropod, cockroach and earwig abundances differed significantly 
among sites (Table 2.10).  However, there were no clear patterns in differences between 
island and mainland sites, except for gastropods. Gastropods were most abundant at the 
mainland sites, with Two Rocks and Jurien having significantly higher abundances than 
all islands (p<0.05), as abundances on islands were particularly low (Fig. 2.13d).  Ant 
abundance was significantly higher on Carnac Island (26.5 ± 12.2 SE) and lower on 
Seal Island (0.21 ± 0.7 SE; p<0.05) than any other site (Fig. 2.13a).  Spider abundance 
was significantly higher on Boullanger, Favourite and Whitlock islands (p<0.05), 
compared to two mainland sites (Two Rocks and Jurien) and two island sites (North 
Cervantes and Penguin Islands; Fig. 2.13b).  Beetle abundance was significantly higher 
on Bird Island (mean 1.5 ± 0.3 SE) compared to Jurien, Point Peron and Favourite 
Island, where they were absent from collections (Fig. 2.13c).    Cockroach and earwig 
abundances were very patchy, with absences across many sites (Figures 2.13e and 
2.13f, respectively). Cockroaches were significantly more abundant on Carnac (mean 
0.6 ± 0.2 SE) and Penguin (mean 0.6 ± 0.2 SE) islands (p<0.05), whilst earwigs were 
significantly more abundant on Carnac Island (mean 3.25 ± 1.1 SE; p<0.05) than any 
other site. 
 
Table 2.10 Kruskal-Wallis results for invertebrate abundance among all sites. Bold type indicates 
significance at p<0.05.  
Type df chi-square p-value 
Ants 11 27.2 <0.01 
Spiders 11 48 <0.01 
Beetles 11 31 <0.01 
Gastropods 11 68.6 <0.01 
Cockroaches 11 39.8 <0.01 
Earwigs 11 41.8 <0.01 
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Figure 2.13 Mean (± SE) abundance of the different invertebrate types for island and mainland sites.  
Letters indicate results of pair-wise comparisons, where each letter corresponds to subsets of significantly 
similar sites. 
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2.3.1.2 Invertebrate Assemblages  
Iridomyrmex bicknelli Emery was the most common ant species collected, and was 
found at all sites except Point Peron, Two Rocks, Carnac Island and North Cervantes 
Island (Table 2.11).  Other common ant species included Iridomyrmex rufoniger 
suchieri Forel, Camponotus scratius Forel and Crematogaster laeviceps chasei Forel.  
Iridomyrmex conifer Forel was the only ant species found at Two Rocks, and was 
absent from the other sites.  The most common beetles collected were carabids, 
scarabids and tenebrionids, with the latter two found only on islands.  The majority of 
spiders collected were juveniles, which prevented identification of most specimens, 
although a total of 35 species was collected. 
 
One-way ANOSIM of replicate data for all sites revealed that assemblages differed 
significantly among sites for both biomass and abundance (R = 0.36 and 0.43, p<0.001).  
Both non-metric MDS ordination and ANOSIM analyses using biomass and abundance 
data for invertebrate assemblages yielded similar results.  Using biomass data, samples 
from mainland sites formed a relatively discrete group from the island samples in the 
ordination plots (Figures 2.14), which was supported by pair-wise ANOSIM 
comparisons (Tables 2.12).   Pair-wise comparisons showed that the assemblages of the 
three mainland sites (Point Peron, Two Rocks and Jurien) differed significantly from 
most islands, whilst assemblages on Favourite Island also differed significantly from 
most sites, including mainland sites.  Using biomass data, SIMPER showed that 
gastropods earwigs and spiders were the main diagnostic invertebrate taxa that caused 
most of the dissimilarity between island and mainland sites (Table 2.14).   
 
Patterns in the ordination plot using abundance data were not as distinct as those using 
biomass data (Fig 2.15).  Whilst comparable to the biomass results, samples from the 
mainland sites were slightly more dispersed, and pair-wise ANOSIM comparisons 
revealed similar differences between mainland and island sites, with Favourite Island 
differing significantly from most sites (Table 2.13).  Using abundance data, SIMPER 
showed that a combination of ants and gastropods distinguished the main differences 
between island and mainland sites (45% and 27%, respectively; Table 2.15).   
  
Table 2.11 Species list of invertebrates, indicating the sites (denoted by an ‘x’) at which they were found on island and mainland sites. 
      Mainland Islands 
Order   Species 
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Hymenoptera Ants Camponotus chalceus x             
   Camponotus scratius    x  x x x  x    
   Camponotus terebrans   x           
   Crematogaster frivola   x           
   Crematogaster laeviceps chasei   x x x   x   x x 
   Iridomyrmex bicknelli   x x x x  x  x x x 
   Iridomyrmex chasei x    x x   x     
   Iridomyrmex conifer  x            
   Iridomyrmex dromus          x x   
   Iridomyrmex mattrioloi continentis           x x  
   Iridomyrmex mattrioloi splendens x   x   x       
   Iridomyrmex rufoniger suchieri x   x x x  x x     
   Melophorus bruneus    x   x  x     
   Myrmecia desertorum   x           
   Ochetellus glaber x      x x x   x 
   Pheidole ampla         x     
   Polyrhachis ammonoeides   x       x  x 
   Rhytidoponera levior x             
Coleoptera Beetles Carabidae - Scopodes  x  x     x     
   Carabidae - Mecyclythorax sp       x       
   Scarabidae Sp1.     x x x x      
   Tenebrionidae - Tenebrioninae     x x x       
Blattodea Cockroaches Sp. 1    x   x    x   
   Sp. 2 x   x   x    x   
Dermaptera Earwigs Sp. 1     x x x x  x    
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   Sp. 2  x   x  x       
Diptera Flies March fly    x      x x x 
Gastropoda Gastropods Sp. 1 x x x    x x      
   Sp. 2 x x x   x        
Araneae Spiders Tetragnathidae Sp. 1 x             
    Zodariidae Sp. 1   x       x    
   Salticidae Sp. 1          x    
   Salticidae Sp. 2         x     
   Salticidae Sp. 3 x       x    x 
   Lamponidae Sp. 1    x    x      
   Supunna Sp. 1     x         
   Supunna Sp. 2      x        
   Nephila Sp.  1 x             
   Clubionidae Sp. 1        x      
   Linyphiidae Sp. 1          x    
   Unknown Sp. 1     x x x   x    
    Unknown Sp. 2   x     x     x   x x   
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Figure 2.14 Two-dimensional nMDS ordination plot of macroinvertebrate assemblages using 4th root 
transformed biomass data for island and mainland sites.   
 
 
 
Figure 2.15 Two-dimensional nMDS ordination of macroinvertebrate assemblages using untransformed 
abundance data for island and mainland sites.   
 
Table 2.12 R-statistic and significance values from one-way ANOSIM pair-wise comparisons for invertebrate assemblages using biomass data. Bold type indicates 
comparisons that were significant (p<0.001) based on the Bonferroni correction. Number of permutations = 6435. 
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Penguin 
 
X 
             
Seal 
 
0.37 
(0.003) 
X 
            
Bird 
 
0.351 
(0.004) 
-0.096 
(0.913) 
X 
           
Carnac 
 
0.452 
(0.001) 
0.268 
(0.013) 
0.206 
(0.018) 
X 
          
South Cerv. 
 
0.306 
(0.004) 
0.055 
(0.222) 
-0.022 
(0.548) 
0.211 
(0.038) 
X 
         
North Cerv. 
 
0.284 
(0.016) 
0.595 
(0.001) 
0.564 
(0.002) 
0.855 
(<0.001) 
0.52 
(<0.001) 
X 
        
Boullanger 
 
0.359 
(0.004) 
0.403 
(0.003) 
0.422 
(0.003) 
0.681 
(<0.001) 
0.313 
(0.01) 
0.71 
(<0.001) 
X 
       
Whitlock 
 
-0.026 
(0.555) 
0.293 
(0.008) 
0.283 
(0.005) 
0.462 
(0.002) 
0.118 
(0.097) 
0.573 
(0.002) 
0.251 
(0.014) 
X 
      
Favourite 
 
0.421 
(0.003) 
0.677 
(<0.001) 
0.688 
(<0.001) 
0.891 
(<0.001) 
0.628 
(<0.001) 
0.718 
(<0.001) 
0.141 
(0.022) 
0.527 
(<0.001) 
X 
     
Point Peron 
 
0.517 
(0.001) 
0.673 
(<0.001) 
0.586 
(0.001) 
0.632 
(0.001) 
0.429 
(0.002) 
0.747 
(<0.001) 
0.773 
(<0.001) 
0.477 
(0.001) 
0.853 
(<0.001) 
X 
    
Two Rocks 
 
0.797 
(<0.001) 
0.831 
(<0.001) 
0.757 
(<0.001) 
0.813 
(<0.001) 
0.771 
(<0.001) 
0.924 
(<0.001) 
0.937 
(<0.001) 
0.807 
(<0.001) 
0.997 
(<0.001) 
0.362 
(<0.001) 
X 
   
Jurien 
 
0.606 
(<0.001) 
0.643 
(0.001) 
0.614 
(<0.001) 
0.663 
(<0.001) 
0.623 
(<0.001) 
0.632 
(<0.001) 
0.765 
(<0.001) 
0.653 
(<0.001) 
0.78 
(<0.001) 
0.122 
(0.031) 
0.119 
(0.068) 
X 
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Table 2.13 R-statistic and significance values from one-way ANOSIM pair-wise comparisons for invertebrate assemblages using abundance data. Bold type indicates 
comparisons that were significant (p<0.001) based on the Bonferroni correction.  Number of permutations = 6435. 
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Penguin 
 
X 
             
Seal 
 
0.257 
(0.013) 
X 
            
Bird 
 
0.185 
(0.019) 
-0.09 
(0.862) 
X 
           
Carnac 
 
0.283 
(0.009) 
0.181 
(0.046) 
0.141 
(0.063) 
X 
          
South Cerv. 
 
0.145 
(0.043) 
0.069 
(0.216) 
-0.014 
(0.530) 
0.113 
(0.108) 
X 
         
North Cerv. 
 
0.311 
(0.006) 
0.454 
(0.003) 
0.405 
(0.005) 
0.458 
(0.002) 
0.430 
(0.002) 
X 
        
Boullanger 
 
0.324 
(0.001) 
0.433 
(0.002) 
0.336 
(0.001) 
0.477 
(0.001) 
0.218 
(0.025) 
0.587 
(<0.001) 
X 
       
Whitlock 
 
0.068 
(0.185) 
0.409 
(0.005) 
0.350 
(0.008) 
0.400 
(0.005) 
0.132 
(0.087) 
0.593 
(0.002) 
0.150 
(0.069) 
X 
      
Favourite 
 
0.472 
(<0.001) 
0.585 
(<0.001) 
0.492  
(<0.001) 
0.653 
(<0.001) 
0.418 
(<0.001) 
0.850 
(<0.001) 
0.150 
(0.078) 
0.345 
(0.002) 
X 
     
Point Peron 
 
0.324 
(<0.001) 
0.574 
(<0.001) 
0.467 
(<0.001) 
0.414 
(0.001) 
0.266 
(0.006) 
0.632 
(<0.001) 
0.568 
(<0.001) 
0.398 
(0.002) 
0.710 
(<0.001) 
X 
    
Two Rocks 
 
0.714 
(<0.001) 
0.778 
(<0.001) 
0.699 
(<0.001) 
0.448 
(<0.001) 
0.662 
(<0.001) 
0.549 
(0.002) 
0.906 
(<0.001) 
0.753 
(<0.001) 
0.974 
(<0.001) 
0.422 
(0.002) 
X 
   
Jurien 
 
0.51 
(<0.001) 
0.585 
(0.001) 
0.619 
(<0.001) 
0.564 
(<0.001) 
0.536 
(<0.001) 
0.556 
(<0.001) 
0.730 
(<0.001) 
0.625 
(<0.001) 
0.777 
(<0.001) 
0.211 
(0.011) 
0.306 
(0.003) 
X 
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Table 2.14 Invertebrate taxa determining differences between islands and mainland sites, determined by SIMPER using biomass data (to 90% contribution to similarity). 
Average dissimilarity: 95.69 
Type 
Island Av. 
Abundance 
Mainland Av. 
Abundance 
Average 
Dissimilarity Dissimilarity/SD Contribution % 
Cumulative 
Contribution% 
gastropod 31.03 933.45 65.73 2.12 68.69 68.69 
earwig 56.45 0.55 5.89 0.42 6.16 74.85 
spider 28.69 15.05 5.37 0.45 5.62 80.47 
Ant 6.52 26.83 4.43 0.57 4.62 85.09 
fly 10.83 0.05 3.37 0.31 3.52 88.61 
cockroach 26.11 0.6 3.01 0.28 3.15 91.76 
 
Table 2.15 Invertebrate taxa determining differences between islands and mainland sites, determined by SIMPER using abundance data (to 90% contribution to similarity). 
Average dissimilarity: 74.79 
Type 
Island Av. 
Abundance 
Mainland Av. 
Abundance 
Av. 
Dissimilarity Dissimilarity/SD Contribution % 
Cumulative 
Contribution % 
Ant 8.12 12.25 33.69 1.47 45.04 45.04 
Gastropod 0.16 5.96 20.22 1.19 27.04 72.08 
spider 2.16 0.75 8.92 0.82 11.93 84.01 
earwig 0.68 0.08 2.78 0.43 3.71 87.72 
beetle 0.6 0.08 2.61 0.47 3.48 91.2 
 
2.3.5 Invertebrate δ15N 
δ15N values of ants, spiders and gastropods differed significantly between islands and 
mainland sites (Table 2.16).  Due to the lack of replication within and among sites for 
ants and spiders, multiple comparisons could not be made to distinguish what caused 
the dissimilarity.  δ15N values for ants were greatest on Bird (22.5‰) and Seal (21.5‰ 
± 0.7 SE) islands and lowest at Jurien (6.65‰) and Point Peron (5.32‰ ± 3.4 SE; Fig. 
2.16a).  δ15N values for ants on Boullanger Island were lower than those on the other 
islands, but higher than those at the three mainland sites.  Spiders were most enriched in 
δ15N on Bird Island (23.32‰ ± 0.45 SE), and most depleted at Point Peron (5.27‰ ± 
0.5 SE; Fig. 2.16b), with values on Boullanger Island intermediate between the other 
islands (Whitlock, Carnac, Bird and Seal Islands), and Point Peron.  Gastropods were 
significantly enriched in δ15N on Carnac Island (11.53‰ ± 0.9 SE) compared to the 
three mainland sites (p<0.05; Fig. 2.16c). 
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Figure 2.16 Mean (± SE) δ15N ratios (‰) for a) ants, b) spiders and c) gastropods on island and mainland 
sites.  Lack of replication within some sites is indicated by absence of error bar. 
 
Table 2.16 Mann-Whitney (islands vs mainland) results for ants, spiders and gastropods δ15N values (n = 
number of individual samples). Bold type indicates significance at the p<0.05 level. 
 Type  n n island n mainland U p-value 
Ants 15 11 4 0 0.004 
Spiders 15 2 13 0 0.027 
Gastropods 12 3 9 0 0.013 
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2.4 Discussion 
In the Mediterranean climatic region, of south-west Western Australia, I have shown 
that seabirds and guano deposition influence vegetation assemblages throughout islands, 
although their effect on macroinvertebrate abundance and assemblages is not as clear.  
Nitrogen stable isotope results suggest that N utilised by primary producers and 
consumers on these island ecosystems are predominantly from marine-derived, rather 
than in situ terrestrial sources.  This indicates that the nutrient budgets of these island 
systems are subsidised by allochthonous marine resources. 
 
Guano cover varied substantially among and within the islands in the study region, 
reflecting the high variability of seabird populations on the islands (Dunlop and Storr 
1981; Dunlop et al. 1988; Rippey et al. 1998; Wolfe et al. 2004).  The absence of 
seabirds on the three mainland sites (S. Harrison, personal observation) was reflected 
by the lack of guano cover.  Several islands, Boullanger, Whitlock, North and South 
Cervantes islands, had very low guano cover (<5 %).  However, this does not 
necessarily indicate the absence of seabirds.  With the exception of the northern plateau 
area, Boullanger Island was sparsely littered with vacant White-faced storm petrel 
(Pelagodroma marina) burrows (0.196 burrows per 10 m2; Wolfe et al. 2004), with no 
evidence of other seabird species.  Burrowing seabirds (e.g. shearwaters and petrels) 
deposit the majority of guano inside their burrow (S. Harrison, personal observation), 
which would explain the lack of obvious signs of guano on the surface of Boullanger 
Island.  Similarly, burrows were evident on Whitlock Island, which is dominated by 
Wedge-tailed shearwaters (Puffinis pacificus; 0.37 burrows per 10 m2; Wolfe et al. 
2004), the southern area of South Cervantes Island and the eastern beach of North 
Cervantes Island.  Additionally, guano is soluble and can be broken down by rain, 
thereby reducing visible guano cover on the surface of the soil, whilst shrub-nesting 
species, such as the Pied cormorant, deposit guano on top of plants, where foliage 
intercepts it from falling to the soil (e.g. some areas on Penguin, Seal, South Cervantes 
and Favourite islands; S. Harrison, personal observation). 
 
High δ15N values of soil, plants, leaf litter and fauna on islands, compared to mainland 
sites, suggest that sources of nutrients on the islands are not derived from in situ 
sources.  The results provide evidence of marine inputs, where seabirds are the most 
likely vectors in transporting allochthonous marine resources to islands (see Anderson 
and Polis 1999; Sanchez-Piñero and Polis 2000).  Previous studies have indicated that 
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the δ15N value for guano is approximately 10‰ (Mizutani et al. 1986; Mizutani and 
Wada 1988; Schmidt et al. 2004), but further fractionation can occur once the guano is 
deposited on soils, resulting in even higher δ15N values.  Volatilisation of ammonia 
from seabird guano is associated with a very high fractionation rate because the 
ammonia lost is isotopically lighter than that remaining in the soil (Mizutani et al. 
1986).  High δ15N values of soils on islands with low guano cover (e.g. North Cervantes 
and South Cervantes islands) may provide evidence of previous seabird populations, as 
the distinctively enriched δ15N ratios of seabird-affected soils have been shown to 
persist decades after seabirds have deserted an area (Mizutani et al. 1991; Hawke et al. 
1999).  
 
The mean soil δ15N values of islands (17.3‰) and mainland sites (6.1‰) are 
comparable to those found in other studies conducted in similar climates, and fall within 
the extremes found in other systems worldwide (Mizutani et al. 1985; Stapp et al. 1999; 
Garcia et al. 2002; Markwell and Daugherty 2003; Schmidt et al. 2004).  The mean 
δ15N of soil on Boullanger Island (11.2‰) was higher than that of the three mainland 
sites, but lower than all other islands. While this suggests that there is evidence of 
marine nutrients being incorporated into the system, it is not to the same extent as the 
other islands. Although more enriched than soil on Boullanger Island, the lower soil 
δ15N values on Penguin and Carnac islands, relative to the other islands, may be related 
to their dominant seabird inhabitants.  Both islands are heavily populated by Silver 
gulls, Larus novaehollandiae (Dunlop and Storr 1981; Dunlop et al. 1988; Rippey et al. 
1998).  Silver gulls often consume more non-marine derived prey (Smith and Carlile 
1993) as compared to other seabird species such as cormorants and terns, which feed 
exclusively on marine prey (Blaber and Wassenberg 1989; Smith 1993), resulting in 
more enriched guano.  Differences in prey are known to affect the isotopic ratios of 
seabird tissues (Hobson 1987; Hobson et al. 1994; Minami et al. 1995). Variation in 
dominant seabird species among islands are therefore likely to influence the extent of 
nitrogen enrichment in soils and plants through different food sources.  
 
Plants that use enriched N from the soil also exhibit elevated δ15N ratios in their tissues 
(Erskine et al. 1998), as demonstrated by the strong correlation found between these 
two variables (r2 = 0.82).  All plant species sampled on islands were highly enriched in 
δ15N compared to their mainland counterparts, and had δ15N ratios that fall within the 
scope of values found in similar systems worldwide (Erskine et al. 1998; Wainright et 
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al. 1998; Anderson and Polis 1999; Schmidt et al. 2004; Ellis et al. 2006).  The low 
foliar δ15N signatures of Olearia axillaris and Scaevola crassifolia on islands were most 
likely due to the fact that these species were generally absent from seabird-affected 
areas on islands (S. Harrison, Personal observation), which may indicate why they 
exhibit terrestrial-derived δ15N signatures.  Leaf litter had similar δ15N values to 
vegetation, with δ15N values of leaf litter being consistently enriched on islands than the 
mainland sites, although those values on Boullanger Island were more depleted than on 
the other islands. 
 
Marine influence was also evident in the δ15N values of terrestrial invertebrates on 
islands, where gastropods, ants and spiders exhibited mean enrichment of 9.2‰, 11.8‰ 
and 12.9‰, respectively. The δ15N values for invertebrates on islands were similar to 
those in other systems with allochthonous inputs from seabirds (Anderson and Polis 
1998; Stapp et al. 1999; Markwell and Daugherty 2002; Maron et al. 2006), showing 
that the high δ15N signature of seabird guano is carried throughout these island food 
webs.  Seabird material can be incorporated into consumer communities either directly 
as they parasitise seabird or feed on their carcasses, or indirectly as herbivores and 
detritivores feed on plants fertilised by guano (Sanchez-Piñero and Polis 2000).   
 
Guano deposition is also generally associated with increased soil total N in many 
systems worldwide (Smith 1978; Hogg and Morton 1983; Anderson and Polis 1999; 
Garcia et al. 2002). The positive correlation between soil total N and δ15N is most likely 
explained by seabird guano, although the correlations between these and guano cover 
were weak, due in part to high variation in both total N and δ15N at low guano cover.  
Whilst low guano cover was expected to correspond with both low total N and δ15N 
values, we did not expect to find high total N and δ15N at low guano cover, low total N 
at high guano cover or low total N at high δ15N.  As stated earlier, guano cover does not 
reflect the past and present activities of seabirds in some circumstances.  Guano 
deposition does not necessarily lead to greater nitrogen concentrations in the soil 
(Mulder and Keall 2001; Markwell and Daugherty 2003).  Results showing high guano 
cover but low total N (e.g. some areas on Seal and Favourite islands), may be explained 
by time since guano deposition (i.e. loss of N through the volatilisation of ammonia and 
leaching; Sobey and Kenworthy 1979; Lindeboom 1984; Mulder and Keall 2001; 
Markwell and Daugherty 2003).  The soils with low total N, but high δ15N, tended to 
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occur in sandier soils (Whitlock and Favourite islands; S. Harrison, Personal 
observation), which may be subject to greater leaching. 
 
Based on the PCA of environmental variables, Boullanger Island was grouped with the 
three mainland sites, which was driven by higher species richness and pH and lower 
guano cover, total N and δ15N of soil and plants in comparison to the other island sites.  
Boullanger Island is also most physically similar to the mainland sites as it is a large, 
flat sandy island, whereas the other islands in the study are limestone-based.  The 
similarity of Boullanger Island to the mainland sites may be more closely related to 
geology rather than the lack of seabirds.  Meanwhile, the islands with the greatest guano 
cover (Seal and Bird islands) formed a separate group.  The separation of these sites was 
attributed to a combination of higher guano cover, total N and δ15N of soil and plants 
and soil EC, and lower plant cover.  These results suggest that guano deposition from 
seabirds plays a significant role in altering edaphic conditions and plant nutrients on 
islands with higher guano cover. 
 
Significant differences in soil parameters between islands and mainland sites were also 
identified in this study, with no factors remaining unchanged.  Many studies have 
reported an increase in soil N, EC and organic matter and a decrease in pH in areas with 
high seabird densities (Smith 1978; Sobey and Kenworthy 1979; Hogg and Morton 
1983; Garcia et al. 2002).  Despite high variability, mean soil total N concentrations 
were ~7 times higher on islands than the mainland.  Similarly, on hyper-arid islands in 
the Gulf of California, Mexico, soil total N was 7 times higher on islands with seabirds 
than on islands without birds, although with a much stronger correlation between total 
N and guano cover (r2 = 0.56; Anderson and Polis 1999).  Higher levels of soil total N 
on islands are likely to be due to organic matter introduced by seabirds through nesting 
activities and guano deposition (Sobey and Kenworthy 1979; Smith 1978; Anderson 
and Polis 1999).  Decreases in pH have been attributed to the mineralisation of seabird-
derived organic matter and the subsequent nitrification (Garcia et al. 2002), although pH 
may vary in response to other factors such as soil type and presence of sea spray (as 
reviewed by Ellis 2005).  The increase in EC on islands in the present study could be 
related to both guano deposition (high in soluble salts; Smith 1978; 1979; Bancroft et al. 
2004a) and sea spray (Wait et al. 2005). 
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During the decomposition of uric acid in guano, ammonium ions are released into the 
soil, which can then be used directly by plants or in the form of nitrate (Bukacinski et 
al. 1994; Schmidt et al. 2004).   The positive relationship between total N and δ15N of 
plant material suggests that plants which utilise guano-derived N, generally exhibit 
higher leaf total N.  However, unlike findings reported for plants on islands in the Gulf 
of California (Anderson and Polis 1999), plant total N was weakly correlated with 
guano cover and soil total N.  The large number of samples and high variation on 
islands with no visible deposition of guano weakened the correlation between plant total 
N and guano cover.  The weak relationship between plant and soil total N may be a 
result of plants taking up N as soon as it becomes available in the soil, thereby reducing 
soil concentrations.  Despite this high variability, foliar N concentrations of plants on 
islands were 2.25 times higher than those of plants from mainland sites (mean 3.9% 
versus 1.7%). 
 
Slow-growing plants in nutrient limiting or pulsed environments have a high capacity to 
store available nutrients, rather than responding with immediate increases in growth, 
whereas fast-growing, ruderal species respond to pulses of nutrient availability with 
increased biomass rather than nutrient storage (Grime 1977; Chapin 1980).  However, 
all plant species sampled in the present study, regardless of their life history, showed 
higher N concentrations on islands compared to mainland sites.  Such enrichment 
occurs on islands in other parts of the world, and has been shown to increase plant 
growth and primary productivity (Smith 1978; Burger et al. 1978; Ryan and Watkins 
1989; Anderson and Polis 1999; Sanchez-Piñero and Polis 2000; Maron et al. 2006).  
Plant nutritional quality can also affect consumer growth and reproduction, which can 
have ramifications for island food webs (Polis et al. 1997a). 
 
Plant species assemblages on islands generally differed from those of mainland sites, 
suggesting that the presence of seabirds may influence vegetation assemblages. The 
significant associations found between vegetation assemblages, soil and leaf total N, 
leaf δ15N, guano cover and EC further suggest that changes in plant assemblages occur 
by the altering of soil properties by seabirds.  In some cases, however, the presence or 
absence of certain species may be more related to the physical environment (e.g. soil 
type or habitat), rather than the influence of seabirds.  Soil nutrient concentrations are 
considered to be the driving factor responsible for vegetation assemblages in seabird-
affected areas (Ellis et al. 2006), as they may influence plant establishment, nutritional 
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status and survival, with nutrient-demanding and disturbance-tolerant species favoured 
(Gillham 1961; Sobey and Kenworthy 1979; Garcia et al. 2002). Seabirds are also 
capable of generating a considerable amount of physical disturbance through nesting 
activities (e.g. trampling, burrowing and nest building; Gillham 1956; Sobey and 
Kenworthy 1979; Bancroft et al. 2004a; 2004c), and influence the recruitment of plant 
species via seed dispersal (Gillham 1956; Nogales et al. 2001). 
 
Off south-west Western Australia, native plants vary considerably in their tolerance to 
trampling and guano deposition, resulting in an unstable state of equilibrium in seabird-
affected areas (Gillham 1961).  Many studies have noted the destruction of native 
perennial species and their replacement by coloniser (ruderal and exotic) species with 
shorter lifestyles in seabird-affected areas (Gillham 1956; 1961; Sobey and Kenworthy 
1979; Hogg and Morton 1983; Bukacinski et al. 1994; Vidal et al. 1998a; 1998b; 2000; 
Bancroft et al. 2005).  For example, large proportions of Seal and Bird islands were 
dominated by Malva dendromorpha (European tree mallow; Fig 2.17; S. Harrison, 
Personal observation), an exotic biennial shrub which out-competes native perennial 
species and has caused major losses of biodiversity on these islands (Rippey et al. 1998; 
2002b).  Silver gulls are most likely to have transported the seeds onto the islands by 
foraging in mainland areas.  This salt-tolerant species thrives in soils with high nitrogen 
and phosphorus concentrations, provided by guano (Rippey et al. 2002b).  
 
Although seabirds are shown to influence vegetation assemblages, some seabird species 
preferentially nest and roost amongst certain plant species, which may explain the 
association between some plant species with seabird colonies.  For example, on some 
islands in the study region (Seal, Penguin, Carnac, South Cervantes and Favourite 
islands), Pied cormorants almost exclusively nest on the tops of Nitraria billardierei 
(Gillham 1961; Wooller and Dunlop 1981; Rippey et al. 2002a), which is one of the few 
woody species sufficiently resilient to withstand recurring seabird disturbance (Gillham 
1961).  On Penguin and Carnac islands, silver gulls and terns are more commonly found 
nesting amongst open low-lying shrubs, such as Tetragonia decumbens, Rhagodia 
baccata and Carpobrotus virescens (S. Harrison personal observation).  In particular, 
Rhagodia baccata tended to exist in greater proportions in areas with medium seabird 
disturbance (e.g. Penguin and Carnac islands) and was absent or reduced in areas with 
high guano cover (S. Harrison, personal observation). Contrary to this, some common 
dune species (e.g. Spinifex longifolius, Scaevola crassifolia and Olearia axillaris; Smith 
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1973; Rippey and Rowland 1995) were more abundant at the mainland sites (S. 
Harrison, personal observation). Furthermore, Scaevola crassifolia, is known to die-out 
in the presence of seabirds, possibly due to nutrient toxicity from guano (Gillham 1961), 
which may explain its absence in areas with high guano cover. 
 
 
Figure 2.17 Monoculture of Malva dendromorpha on Bird Island, Western Australia (taken by S. 
Harrison, April 2005). 
 
Plant cover was used as a surrogate measure of primary production, as biomass could 
not be measured due to its destructive nature.  However, multiple factors play a role in 
determining overall plant cover, such as erosion (from wind and rain), rock cover and 
sea spray (S. Harrison, personal observation) and as a result, it was difficult to gauge 
whether seabirds influenced primary production, to assess the process of spatial 
subsidisation.  Despite increased plant total N on islands, an increase in biomass was 
not detected using plant cover.  A reduction in plant cover associated with increased 
guano cover, as seen in this study, has often been attributed to both the direct physical 
effects (scorching, plant destruction, inhibition of germination and erosion) caused by 
seabirds (Sobey and Kenworthy 1979; Bancroft et al. 2005), and the indirect effects of 
guano deposition, causing toxicity at high concentrations and inhibiting the survival of 
some species (Hutchinson 1950; Gillham 1961; Ornduff 1965; Sanchez-Piñero and 
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Polis 2000).  Seabirds that nest on the ground surface (e.g. Silver gulls and terns) or on 
top of the vegetation (e.g. Pied cormorants) are most detrimental to native species 
(Gillham 1961), while burrowing birds (e.g. Wedge-tailed shearwaters, Little penguins 
and White-faced storm petrels) exert a different mechanism of disturbance (Gillham 
1961) through biopedturbation (biological disturbance of the soil; Bancroft et al. 2004a; 
2004c).  
 
Species richness and plant cover was particularly low on Seal and Bird islands (<3 
species/25m2) and was generally higher on Boullanger Island and the three mainland 
sites.  Previous studies have reported varied responses in species richness between 
seabird-affected areas and un-affected controlled areas (as reviewed by Ellis 2005), 
which is found to be dependent on a range of factors including the type and magnitude 
of the disturbance (Hogg and Morton 1983; Vidal et al. 2003), and island size (Hogg et 
al. 1989).  
 
Although numerous studies have identified seabirds as having a major influence on 
plant assemblages, very little is known about the response of invertebrate assemblages 
to seabird influence (Orgeas et al. 2003).  Invertebrate abundance and assemblages were 
very patchy across all sites in the current study, providing no clear response to the 
influence of seabirds on secondary production.  However, gastropod abundance was 
significantly greater on the mainland, and was responsible for the main differences in 
assemblages between islands and mainland sites.  Their absence on most of the islands 
is most likely due to predation.  Predation by secondary consumers, such as reptiles 
(Lancelin Island and King skinks, tiger snakes), mammals and marsupials (mice, 
dunnarts and dibblers), and land birds (e.g. swallows) may influence invertebrate 
abundance on the islands.  Secondary consumers are often found in high 
abundances/densities on islands due to greater prey availability and the lack of larger 
predators (Sanchez-Piñero and Polis 2000; Bonnet et al. 2002; Markwell and Daugherty 
2002; Stapp and Polis 2003; Wolfe et al. 2004).   
 
Seabirds are a vital component of island ecosystems, particularly where they roost and 
nest, and exert an influence in many aspects of island ecology, both directly and 
indirectly (Sanchez-Piñero and Polis 2000).  Despite being surrounded by an 
oligotrophic marine environment, islands off south-west Western Australia are highly 
influenced by the allochthonous marine inputs provided by seabirds.  However, 
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regardless of an increase in total N of soil and plants on islands, there is no concrete 
evidence of increased primary and secondary production, making it difficult to 
determine the extent to which allochthonous marine nutrients subsidise these island 
ecosystems.  Conversely, soil, plant and invertebrates all showed a significant 
enrichment in δ15N on islands compared to mainland sites, suggesting that marine-
derived N is a critical component of these island ecosystems.  Samples collected from 
Boullanger Island were consistently more depleted in δ15N than those from the other 
study islands, inferring that subsidy processes on this island are intermediate between 
the other islands and the mainland.   
 
The strong correlation between soil and plant δ15N, and the enriched signatures of ants, 
spiders and gastropods demonstrates that the input of guano produces a 15N signature 
that carries throughout the island food web.  In contrast, soils, plants and consumers 
from mainland sites showed relatively low δ15N signatures, reflecting terrestrial-based 
sources of N.  While the δ15N values of soil, plant and invertebrates on islands reported 
in this study are not as highly enriched as those found in the Gulf of California, they are 
comparable to many other island systems worldwide.  This vital trophic linkage 
between marine and island systems, connected via inputs from seabirds must be 
maintained in order for the island ecosystems to persist.  A reduction in seabird 
populations may have drastic consequences for consumers who indirectly rely on these 
inputs for the nutrient requirements.  Management protocols which include the 
protection of seabird populations must be utilised. 
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Chapter 3 
Is the pulsed nature of guano deposition evident in the total N concentrations of 
soil over a 12 month period? 
3.1 Introduction  
Seabirds contribute substantial quantities of nutrient-rich guano to islands where they 
roost and nest (Hutchinson 1950; Smith 1978; Furness 1991).  Previous studies have 
found significant increases in total nitrogen (N) of soils in seabird-affected areas, 
compared to unaffected areas (Anderson and Polis 1999; Garcia et al. 2002).  Guano 
can therefore lead to increased availability of N in soils on islands, resulting in greater 
levels of N that can be taken up by plants, which have been shown to increase plant N 
concentrations and productivity in seabird-affected areas (Anderson and Polis 1999; 
Maron et al. 2006).  The increase of N through guano therefore potentially has 
important consequences for island food webs (Polis et al. 1997a; Sanchez-Piñero and 
Polis 2000). 
   
On temperate islands off the south-west coast of Western Australia, a region that 
experiences a Mediterranean climate, guano is deposited on the tops of plants and the 
surface of the soil (S. Harrison, personal observation; Fig. 3.1).  Guano deposition is 
not uniform year-round and usually occurs in pulses, as breeding, nesting and roosting 
activities are often seasonal and varies between species (Gillham 1961). Guano 
accumulates, particularly during summer, in the vegetation canopy and on the soil 
surface, and often forms thick layers (Gillham 1961).   While deposition is seasonal, 
guano is often evident in the canopy and on leaf litter throughout the year, even in 
months after the seabirds have departed (S. Harrison, personal observation).  The first 
major rainfall event after summer usually occurs in April, or May at the latest (Bureau 
of Meteorology 2006), and these rains have the greatest capacity to wash the soluble 
guano through the canopy and into the soil.  This is thought to result in a pulse of 
nutrients into the soil (Sobey and Kenworthy 1979; Stapp et al. 1999), although heavy 
rains may result in leaching of nutrients from the surface into deeper layers or 
groundwater.  
 
This study aimed to quantify whether the total N content of soil is uniform throughout 
the year, or shows temporal pulses associated with guano deposition and rainfall events.  
It was expected that leaching of N would occur during the wet winter months (Otero 
and Fernandez-Sanjurjo 1999), whilst guano accumulation in the summer would 
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replenish the nutrients to the soil.  The timing of N inputs and availability in the soil 
may influence the assimilation by plants, with possible ramifications for primary 
production and plant assemblages.  This effect may be evident in other semi-arid and 
arid regions, although not as prominent in areas that experience consistent rainfall year 
round.   
 
 
Figure 3.1 Guano deposition from roosting Pied cormorants (Phalacrocorax varius) in a canopy of 
Nitraria billardierei (Nitre bush) on Penguin Island, Western Australia. 
 
3.2 Methods  
3.2.1 Study Site 
Sampling was conducted on Penguin Island (32°18’S, 115°42’E), a 12 ha limestone 
island, located 400 m off the mainland near Rockingham and 40km south of Perth, 
Western Australia (Fig. 3.2). The island experiences a Mediterranean climate, with hot 
dry summers and cool wet winters (Chape 1984), and is a popular breeding site for large 
colonies of gulls, terns, penguins and pelicans (Dunlop et al. 1988). Penguin Island, part 
of a semi-inundated ridge of limestone, running parallel to the coastline, is composed of 
aeolianite limestone formed from the leaching of calcium carbonate from Pleistocene 
coastal dunes, and its redeposition as limestone at lower levels (Orr and Pobar 1992).  
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Elevated limestone plateaus, which form the northern and southern promontories of the 
island, are capped with a hard crust of travertine and shallow soils.  The central area of 
the island is covered by deep dunes, derived primarily from windblown calcareous 
sands and, to a lesser degree, from the weathering of soft limestone bedrock (Chape 
1984).  
 
Numerous vegetation communities have been identified on Penguin Island (Chape 
1984): Spinifex longifolius and Tetragonia decumbens communities dominate the 
foredunes; Olearia axillaris, Scaevola crassifolia and Alyxia buxifolia communities 
dominate the central dune area; an Acacia rostellifera community dominates sheltered, 
stable areas; a Rhagodia baccata community dominates the sandier parts of the 
limestone plateau; and Nitraria billardierei dominates the limestone areas.  Common 
ground species include Carpobrotus spp., Threlkeldia diffusa and Acanthocarpus preisii 
(Chape 1984; Orr and Pobar 1992; Rippey and Rowland 1995).  Pied cormorants 
(Phalacrocorax varius) roost on top of Nitraria billardierei bushes, which are restricted 
to a narrow band at the north, south-eastern and south-western ends of the island (Fig. 
3.2).  This study was undertaken in the N. billardierei area at the south-eastern end of 
Penguin Island. 
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Figure 3.2 Location of Nitraria billardierei bushes on Penguin Island, Western Australia.  
 
3.2.2 Soil Sampling and Total N Analysis 
Randomly selected locations within the N. billardierei area were sampled monthly for 
soil total N over a 12 month period, commencing in May 2005.  Each individual 
sampling location was separated with a minimum distance of 5 m. Approximately 50 g 
of surface soil (0-5 cm depth) was collected from each of the five sampling locations 
using a soil corer.  Leaf litter (organic material on the surface of the soil) was removed, 
and samples were collected and stored in airtight plastic bags and frozen at -20°C as 
soon as possible.  In the laboratory, soil samples were sieved (2 mm mesh) to remove 
rocks and large pieces of organic matter.  Samples were then oven dried in foil cups at 
60°C for 48 hours and then ground in a ballmill for total N analysis.  Total N of soil 
samples were analysed using an ANCA-NT (Europa Scientific, Crewe, UK) interfaced 
with a 20-20 isotope ratio mass spectrometer (Europa Scientific, Crewe, UK), and was 
determined by running them against varying masses of a low organic content soil 
standard with a known nitrogen composition with a precision of <0.01%.  Total monthly 
rainfall data (for nearby Garden Island) were provided by the Bureau of Meteorology.   
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 3.2.3 Data Analysis 
Repeated measures one-way ANOVA was performed to test for differences in soil total 
N among months over the 12-month period, with Time as the repeated measure.  After 
examining the data, a posteriori regressions between mean monthly soil total N and 
rainfall were split into two categories: mid-autumn/winter and spring/summer.  March 
was considered as a ‘summer’ month, due to the low rainfall, whilst the first major rains 
of the year usually occur in April (Bureau of Meteorology 2006), which was included in 
the winter correlation.  Statistical analyses were performed using SPSS (Windows, Rel. 
13.0, 2005 Chicago: SPSS Inc.). 
 
3.3 Results  
Rainfall was substantially higher in May (184.4 mm) and June (263.6 mm), and lowest 
in February (4.8 mm), March (12.6 mm) and December (13.6 mm; Fig. 3.3a).  Soil total 
N did not differ significantly among months (RM ANOVA df = 11, f = 0.74, p>0.05), 
which reflects the high variability among samples within each month (Fig. 3.3b).  Total 
N of soil was greatest in May (0.28% ± 0.11 SE) and December (0.28% ± 0.06 SE), and 
lowest in September (0.17% ± 0.04 SE).  Since each of the five replicate samples were 
taken from approximately the same location every month, the soil total N was plotted 
for each replicate location over the 12 months to detect and spatial trends in soil total N.  
However, no pattern in total N of soil for individual sampling locations over this period 
was distinguished (Fig. 3.3c).  No significant relationship was exhibited between total 
monthly rainfall and mean monthly soil total N (Fig. 3.4), although when separated into 
mid-autumn/winter and spring/summer months, relationships were clearer.  The 
relationship between total monthly rainfall and mean soil total N of the mid-
autumn/winter months was positive but marginally insignificant (r2 = 0.72, p = 0.07; 
Fig. 3.5a), whilst that between the spring/summer months was negative but insignificant 
(r2 = 0.44, p = 0.106; Fig. 3.5b). 
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Figure 3.3 a) Monthly total rainfall data, b) mean (± SE) values of total N of soil and c) total N values of 
soil for individual replicates on Penguin Island, over a 12 month period. 
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Figure 3.4 Linear relationship between total monthly rainfall and mean monthly soil total N. 
 
 
Figure 3.5 Linear relationship between total monthly rainfall and mean monthly soil total N for a) mid-
autumn/winter and b) spring/summer. 
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3.4 Discussion 
In a Nitraria billardierei vegetation community on Penguin Island that was subject to 
guano deposition from roosting Pied Cormorants, the total N of soil remained fairly 
consistent over a 12-month period. However, the mean monthly total N of soil on this 
island (ranging from 0.17 to 0.28%) was much greater than at coastal mainland areas 
which are unaffected by guano deposition (mean 0.11%; Chapter 2).  This indicates that 
the availability of N to plants in seabird-affected areas is greater than their coastal 
counterparts and is comparatively constant all year round.  An increase in soil N often 
leads to increased plant N (Foulds 1993) and higher rates of primary production 
(Anderson and Polis 1999; Maron et al. 2006), which has important ramifications for 
island food webs (Polis et al. 1997a) 
 
The large variability among the total N of individual soil samples within each month 
resulted in lack of significance among months.  This large variation may reflect high 
variability in guano deposition, due to birds alternating roosting points throughout the 
year (S. Harrison, personal observation), and its infiltration through the canopy and into 
the soil.  For example, low total N concentrations in the first eight months of sampling 
at two of the replicate locations, were consistent with low guano deposition noted in the 
canopy at those locations.  It was assumed that the rate at which guano infiltrates 
through the canopy and onto the soil surface would be highly dependent on rainfall, but 
the lack of a positive relationship between total monthly rainfall and soil total N 
contradicts this.  However, after examining the data, different trends between winter and 
spring/summer months were detected, with soil total N being positively correlated to 
monthly rainfall in mid autumn/winter and negatively related in spring/summer.  This 
separation of seasons was conducted a posteriori based on a plausible explanation, 
although confirmation of this explanation would require rigorous testing using classic a 
priori-defined tests. 
 
Guano deposition does not necessarily lead to greater total N in soil (Mulder and Keall 
2001; Markwell and Daugherty 2003), due to the volatilisation of ammonia and 
leaching (Smith 1978; Lindeboom 1984).  The forms of N in guano (uric acid, NO3- and 
NH4-) are very soluble (Smith 1978), and therefore highly subject to being washed 
down through the canopy and leaching out of the nutrient-deficient, sandy, calcareous 
soils on the island (Bettenay 1984; Orr and Pobar 1992), particularly in the wet winter 
months.  The heavy rains in May and June are likely to be responsible for washing the 
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majority of the guano through the canopy and into the soil, as reflected by the positive 
relationship between rainfall and total N in the winter months.  During mid-winter, Pied 
cormorants are at the peak of their breeding season elsewhere on nearby islands (Rippey 
et al. 2002a) and, by July, very little guano was evident in the canopy (S. Harrison, 
personal observation).   
 
As rainfall declines in spring and summer, the relationship between rainfall and soil 
total N weakens considerably.  Guano begins to accumulate in the canopy with the 
return of the birds after the nesting season in November (S. Harrison, personal 
observation) and the dry, hot conditions during summer causes evaporation of moisture, 
increasing guano concentrations in the soil (Gillham 1961).  In the Mediterranean 
climate, experienced in the region, rainfall is a major limiting factor for plant growth in 
the dry summer months (Bell and Stephens 1984). The fairly consistent levels of total N 
in the soil suggest that the availability of nutrients required for plant growth may be 
relatively constant all year round.  However, there is high local variability in soil total N 
concentrations, as reported in other seabird-affected areas (Sobey and Kenworthy 1979).  
Results may have differed considerably if the focus had been on ground-nesting or 
burrowing species, as the majority of guano accumulates on the soil surface and is not 
intercepted by vegetation.  This guano input onto the soil surface may be more constant, 
depending on the species and the intensity/seasonality of their nesting activities, 
possibly resulting in no pulse in N in surface soils. However, a pulse of nutrients to 
deeper layers in the soil may be more readily detected, due to rain breaking down the 
guano, causing leaching of the soluble components after heavy rainfall events. 
 
The hypothesis that soil N concentrations would be pulsed rather than uniform, in 
relation to guano deposition and rainfall was rejected, although the link between soil N 
and rainfall was detected in the mid-autumn/winter months.  However, the high N 
concentrations persist throughout summer at a more constant level.  While the 
presence/absence of birds is seasonally-dependent and guano deposition in the 
vegetation canopy may be pulsed and inconsistent throughout the year, total N of soil is 
rather uniform.  Thus, guano may provide a consistent source of nutrients supporting 
enhanced terrestrial production throughout the year and not just following high rainfall 
or high guano deposition periods.  Further studies, including quantifying the amount of 
guano in the canopy, the rate at which the soluble forms filter through the canopy and 
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the mechanisms through which the plant assimilate these nutrients are required to fully 
grasp the consequences of this nutrient addition. 
 
The relatively small time period of guano deposition is enough to maintain higher soil N 
throughout the year, suggesting that plants have access to these nutrients year round.  
This may have important ramifications for plant assemblages, which can be influenced 
by nutrient availability (Sobey and Kenworthy 1979; Garcia et al. 2002; Ellis et al. 
2006), often resulting in the dominance of nitrogen-demanding/tolerant species 
(Gillham 1961; Bancroft et al. 2005).  This trophic linkage between marine and island 
systems, connected by nutrient inputs via seabirds, appears to occur at both spatial and 
temporal scales.  Management of these island systems should focus on maintaining 
these linkages, through minimising impacts on seabird populations.  These results may 
be applicable to other islands along the south-west coastline, where roosting Pied 
cormorants are highly prominent (e.g. Carnac, Bird, Seal, Favourite, South Cervantes 
and North Cervantes islands; S. Harrison, personal observation).   
 
 
 
 
 71
Chapter 4 
Experimental addition of guano on Rottnest Island  
4.1 Introduction 
Seabirds have been identified as influencing physical and chemical soil properties, plant 
nutrients, productivity and plant species assemblages on islands worldwide (Gillham 
1961; Sobey and Kenworthy 1979; Anderson and Polis 1999; Garcia et al. 2002; 
Bancroft et al. 2004a; 2005; Ellis 2005).  The mechanisms through which seabirds exert 
these influences are dependent on a wide range of factors and include both the chemical 
and physical consequences of bird activity (Ellis 2005).  By feeding on marine prey, 
seabirds act as an important conduit for transporting marine nutrients to islands via 
guano (Gillham 1956; Smith 1978; 1979). Seabirds can also influence the vegetation 
assemblages most likely through increased soil nutrient concentrations, resulting from 
guano deposition.  Higher soil nutrients may influence seedling establishment, nutrient 
content, and survival of plants, often resulting in the dominance of nutrient-demanding 
and disturbance-tolerant plant species (Sobey and Kenworthy 1979; Vidal  . 1998; 
Garcia et al. 2002; Maron et al. 2006).   
 
Seabirds are also capable of generating a considerable amount of physical disturbance 
through nesting activities (e.g. burrowing, trampling and nest building; Gillham 1956; 
Sobey and Kenworthy 1979; Bancroft et al. 2004a).  Different types of nesting activities 
by seabirds exert different disturbances to soil and plant properties (as reviewed by Ellis 
2005).  Shrub and ground nesting species cause a greater amount of disturbance via 
trampling and guano deposition (Gillham 1961), whilst burrowing seabirds exert an 
influence via biopedturbation (biological disturbance of the soil; Bancroft et al. 2004a; 
2004c). While it is easy to conceptualise the chemical and physical mechanisms of 
impact, it is often difficult to tease apart the combined effects produced by seabirds.   
 
In the last decade, there has been an increase of 46% in the total area of the burrowing 
Wedge-tailed shearwater colonies on Rottnest Island, and a doubling of the total number 
of burrows (Bancroft et al. 2004b).  Bancroft et al. (2004a) showed that numerous 
physical (soil temperature, bulk density, water content, repellency and infiltration, and 
soil strength) and chemical (nutrients, pH and conductivity) soil properties in the 
shearwater colonies were altered due to biopedturbation and guano deposition.  Whilst 
experimentally constructed burrows demonstrated that digging alone can alter physical 
soil properties, changes in the nutrient profile of the soils in bird colonies are 
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predominately guano-driven (Bancroft et al. 2004a).  Plant assemblages in shearwater 
colonies also differed considerably from adjacent unaffected areas, with a reduction in 
species richness, and the domination of short-lived succulent exotic species (Bancroft et 
al. 2005). 
 
It is important to understand from an ecological and environmental management 
perspective, the effect that seabird guano has on areas that have previously been 
unaffected, particularly in regards to the rapidly increasing shearwater colonies on 
Rottnest Island (Bancroft et al. 2005).  The aim of this study was to determine whether 
the input of seabird guano influences the levels of nitrogen in soil and plants, and alters 
the vegetation assemblages in an area of Rottnest Island previously unaffected by 
seabirds.  Through an experimental approach, the influence of guano itself can be 
isolated from that of physical disturbance.   
 
4.2 Methods 
4.2.1 Study Site 
The study was conducted on Rottnest Island, (32°00’00”S, 115°31’00”E), a 1900 ha 
limestone island which lies 18km off the coast of near Perth, Western Australia (Fig. 
4.1).  The island experiences a Mediterranean-type climate, with cool, wet winters and 
warm, dry summers, with a mean annual rainfall of 710 mm (Bureau of Meteorology 
2006) and mean daily maximum/minimum temperatures of 29.6/19.3°C and 
17.2/11.6°C for summer and winter, respectively (Rippey and Rowland 1995).  The 
experiment was conducted near the west end of the island (Fig. 4.1), where soils consist 
of a mixture of calcareous and siliceous sands overlaying a cemented Tamala Limestone 
formation (Playford 1983; 1988). 
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Figure 4.1 Locality of study site on Rottnest Island, Western Australia. 
 
4.2.2 Experimental Design  
Field sampling 
To test for the effect of guano on soil and plant N and vegetation characteristics, a 
‘guano’ mix was added to four replicate 5 x 5 m vegetation plots at control, medium or 
high loading rates. The plots were randomly assigned a treatment.  Due to a slight slope 
in topography of the study site, the plots were spaced at least 5 metres apart along the 
same topographic contour, to prevent any possible contamination from other adjacent 
plots due to runoff of guano.  Guano was applied to the high and medium loading plots 
on a single occasion in August 2005 (time 0).  Soil and plant samples, as well as plant 
species assemblage data, were collected (see later for details) prior to the application of 
guano (also time 0), one month after application (September), and then in November 
(three months) and February (six months).  Total monthly rainfall data for Rottnest 
Island was supplied by the Bureau of Meteorology. 
 
Guano addition 
The amount of guano loading applied to plots was determined by mimicking natural 
levels of loading rates to the soil by Wedge-tailed shearwaters (234.4 kg ha-1 yr-1; 
Bancroft et al. 2005).  The medium and high loading rates were two and five times that 
of the natural loading rates, respectively.  The guano mixture applied was a combination 
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of Guano Gold, an organic ‘guano’ fertiliser product (Appendix 1), urea and ammonium 
nitrate.  Guano Gold consists of guano mined from islands in Indonesia, steam treated to 
produce dried pellets.  Guano Gold had a very low total N concentration (0.1%) 
compared to unprocessed seabird guano (8-25% N, with a mean of ~14%; Burger et al. 
1978; Allaway and Ashford 1984; Lindeboom 1984; Schmidt et al. 2004; Bancroft et al. 
2004).  To increase the total N concentration of the guano product to that found in fresh 
guano, a combination of urea and ammonium nitrate was added to elevate the content of 
N to 14% by weight.  The final guano mixture was 66.7% Guano Gold, 21.3% urea and 
12% ammonium nitrate.  All contents were ground in a sample processor to a fine 
powder.  In the field, the relevant amounts of guano mixture (Table 4.1) were applied 
evenly over each experimental plot, by hand using a large sieve (2mm).   
 
Table 4.1 Composition and weights (g) of the guano mix for the medium and high guano loading plots. 
  Medium High 
Guano Gold 390 1954.3 
Urea 124.6 624.1 
Ammonium nitrate 70.2 351.6 
Total 585 2930 
 
4.2.3 Sample Collection, Processing and Analyses 
On each sampling occasion, approximately 50 g of soil was collected using a soil corer 
from two depths in the soil profile (0-5cm and 10-15cm) from a single randomly located 
point within each 5 x 5 m plot.  Leaf litter (organic material on the surface of the soil) 
was removed prior to the soil being collected, and samples were stored in airtight plastic 
bags and frozen at -20°C as soon as possible after collection.  In the laboratory, soil 
samples were sieved (2 mm mesh) to remove rocks and large pieces of organic matter.  
Samples were oven dried in foil cups at 60°C for 48 hours.  The abundance and 
percentage cover of each species of plant were visually estimated in each plot.  Biomass 
could not be measured due to its destructive nature and the classification of the island as 
an A Class nature reserve. 
 
Fresh leaves from two common plant species (Rhagodia baccata and Leucopogon 
parviflorus) were collected in each plot, sealed in airtight plastic bags and frozen at -
20°C until processed for total N.  In the laboratory, approximately five leaves from each 
sample were rinsed in DI water and oven dried in Eppendorf tubes at 60°C (Lajtha and 
Michener 1994) for 48 hours.  Soil and plant samples were then ground in the ballmill 
and analysed for percentage total N.  Total N was analysed using an ANCA-NT (Europa 
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Scientific, Crewe, UK) interfaced with a 20-20 isotope ratio mass spectrometer (Europa 
Scientific, Crewe, UK), and was determined by running the samples against varying 
masses of a material (soil - low organic content soil standard; leaf - wheat flour) with a 
known nitrogen composition with a precision of <0.01%. 
 
Rhagodia baccata (Berry Saltbush), a member of the Chenopod family, is a succulent 
spreading shrub, growing from 0.3-2m high.  It is commonly found inhabiting sand 
dunes and coastal rocky areas and flowers from February to May and October to 
December (Rippey and Rowland 1995).  Leucopogon parviflorus (Coast beard-heath), 
from the Epacridaceae family, is a densely branched shrub/tree (0.3-3m), occurring in 
coastal areas with sandy soils over limestone or granite, flowering from February to 
march and June to October (Rippey and Rowland 1995). 
 
4.2.4 Data analysis  
Data for total N of soil (0-5 and 10-15 cm) and plants were analysed using two-way 
repeated measures ANOVA, with two factors, Treatment (control, medium and high)  
and Time (0, 1, 3 and 6 months).  A significant interaction term would establish an 
influence of guano deposition on total N of soil and plants.  Where significant 
differences were detected, repeated measures multiple comparisons (post hoc) were 
used to distinguish where the differences occurred, with time as the repeated measure.  
Individual one-way ANOVAs were used to test for differences among treatments within 
each sampling period.  In all cases, Treatment was considered fixed factor.  All 
univariate statistical analyses were performed using SPSS (Windows, Rel. 13.0 2005 
Chicago: SPSS Inc.). 
 
Multivariate analyses were used to investigate patterns in vegetation assemblages 
between treatments (control, medium and high) over the different time periods.  
Analyses were based on a Bray-Curtis similarity matrix constructed from square root 
transformed abundance and percentage cover data to reduce the dominance of common 
species.  Ordinations (non-metric multi-dimensional scaling, nMDS) were performed to 
examine overall patterns in similarities of species assemblages, using the Primer 5 
software (Clarke and Gorley 2001).   
 
The significance of any patterns apparent in the ordinations were tested using 
PERMANOVA (Permutation Analysis of Variance; Anderson 2005) with treatment and 
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time as the two factors.  As with univariate analyses, a significant interaction between 
the main effects (treatment and time) would establish an influence of guano deposition 
on vegetation assemblages.  Again, species abundance and percentage cover data were 
square root transformed.  Pair-wise comparisons were conducted to examine the cause 
of significant differences between the two factors. 
 
4.3 Results 
4.3.1 Soil and Plant Total N 
Rainfall was greatest in August (114.4 mm) and gradually declined throughout the 
sampling period, with only 3.2 mm falling in February (Fig. 4.2).  For total N of soil at 
either depth in the soil profile, there were no significant differences among time or 
treatment or any interactions between the two factors (Table 4.2), reflecting the high 
variation in total N of soil at both depths (Fig. 4.2).  In the top 5 cm of the soil profile, 
mean total N concentrations ranged from 0.45% in the medium plots in November to 
0.29% in the high plots in August, with each treatment exhibiting the highest means in 
November.  Total N of soil from 10-15 cm depths ranged from 0.37% in the control 
plots in August to 0.16% in the medium plots in August.   
 
A significant interaction effect between treatment and time was exhibited for total N 
concentrations in the leaves of both Leucopogon parviflorus and Rhagodia baccata 
(Table 4.2).  Total N of leaves of L. parviflorus was significantly higher in the high 
guano loading plots in September, compared to the other sampling times and was 
significantly higher than the control treatment (Tables 4.3 and 4.4).  In September, total 
N in the leaves of R. baccata in the high guano treatment was significantly greater than 
that in the control and medium treatments (Table 4.4), whilst for each treatment, total N 
concentrations were significantly lower in February compared to September and 
November (Table 4.3; Fig 4.3b).  Although no significant differences between 
treatments were detected in February for either species (Table 4.4), total N in the control 
treatments exhibited a greater decline compared to the medium and high treatments, and 
was much more evident in L. parviflorus than R. baccata.  
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Figure 4.2 Mean values (± SE) of Soil total N for different depths in the soil profile a) top 5 cm and b) 10 
– 15 cm depth for the different treatments of guano loading. 
 
Figure 4.3 Mean values (± SE) of total N of leaves from a) Leucopogon parviflorus and b) Rhagodia 
baccata for the different treatments of guano loading. 
 
Table 4.2 Two-way repeated measures ANOVA results for treatment (control, medium, high), time 
(August, September, November and February) and the interaction between the two for soil and leaf total 
N. 
 Variable Treatment Time Treatment x Time 
  df ms p df ms p df ms p 
Soil top 5 cm 2 0.02 0.293 3 0.01 0.344 6 0.01 0.879 
Soil 10-15cm 2 0.01 0.537 3 0.01 0.438 6 0.01 0.135 
L. pauciflorus 2 0.04 0.070 3 0.62 <0.001 6 0.05 0.050 
R. baccata 2 0.18 0.117 3 5.46 <0.001 6 5.61 0.001 
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Table 4.3 Repeated measures ANOVA and multiple comparisons between time periods for the different 
treatments for total N of leaves for the two plant species Leucopogon parviflorus and Rhagodia baccata. 
Bold type indicates significance at the p<0.05 level. 
  Leucopogon parviflorus Rhagodia baccata 
  All Control Medium High All Control Medium High 
Aug vs Sept 0.002 0.870 0.145 0.011 0.051 0.384 <0.001 0.054 
Aug vs Nov 0.081 0.348 0.180 0.652 0.167 0.138 0.001 0.338 
Aug vs Feb <0.001 0.015 0.005 0.123 0.002 0.053 0.015 0.512 
Sept vs Nov 0.006 0.500 0.160 0.041 0.002 0.227 <0.001 0.051 
Sept vs Feb <0.001 0.021 0.006 0.030 <0.001 0.001 0.007 0.021 
Nov vs Feb 0.002 0.094 0.018 0.013 <0.001 0.027 0.034 0.025 
 
 
 
 
 
 
Table 4.4 P significance values of One-way ANOVA and multiple comparisons between treatments for 
the different time periods for total N of leaves for the two plant species Leucopogon parviflorus and 
Rhagodia baccata. Bold type indicates significance at the p<0.05 level. ‘ns’ indicates no significant 
difference.  
  Leucopogon parviflorus Rhagodia baccata 
  Aug. Sept. Nov. Feb. Aug. Sept. Nov. Feb. 
ANOVA ns 0.022 ns ns ns 0.014 ns ns 
Multiple comparisons:            
control vs medium ns ns ns ns ns ns ns ns 
control vs high ns 0.019 ns ns ns 0.017 ns ns 
medium vs high ns ns ns ns ns 0.037 ns ns 
 
 
4.3.2 Vegetation Assemblages 
A total of 10 plant species were recorded in the vegetation survey over the duration of 
the study (Table 4.5), with Olearia axillaris, Acanthocarpus preissii, Rhagodia baccata, 
Leucopogon parviflorus and Westringia dampieri being the most dominant.  
PERMANOVA indicated that plant species assemblages differed significantly among 
treatments using both species abundance and percentage cover data, but did not differ 
among time and there was no interaction between these two factors (Table 4.6).  
Multiple comparisons revealed that both abundance and percentage cover of species 
differed significantly between the three combinations of treatments, regardless of time 
(Table 4.7).  nMDS ordination plots for both abundance and percentage cover revealed 
distinct clustering of replicates for each individual plot over time (Figures 4.4 and 4.5), 
with the individual clusters being tighter in the percentage cover nMDS plot.  This 
indicates that there is greater similarity in species assemblages within each plot over 
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time than among plots, regardless of treatment.  In both ordination plots, replicates from 
high treatment plots were located towards the lower side of the plot, with control plots 
interspersed between these and the medium treatment plots (Figures 4.4 and 4.5). 
 
 
 
 
 
 
 
 
 
 
Table 4.5 Plant species recorded in the vegetation survey.  
Family Species Common name 
Lamiaceae Westringia dampieri Westringia 
Aizoaceae Tetragonia implexicoma Bower spinach 
Chenopodiaceae Rhagodia baccata Berry saltbush 
  Threlkeldia diffusa Coast bonefruit 
Epacridaceae Leucopogon parviflorus Coast beard-heath 
Asteraceae Olearia axillaris Coastal daisy 
  Senecio lautus Groundsel 
Poaceae Austrostipa flavescens Tussock grass 
  Polypogon spp. Beardgrass 
Dasypogonaceae Acanthocarpus preissii Prickle lily 
 
Table 4.5 PERMANOVA results for plant assemblages using square root transformed species abundance 
and percentage cover data.  Bold type indicates significance at the p<0.05 level. 
  Abundance % Cover 
  df ms f p df ms f p 
Treatment 2 978.8 4.13 0.002 2 1745.3 5.90 0.001 
Time 3 103.2 0.43 0.93 3 50.8 0.06 1.00 
Treatment x time 6 -9.8 -0.04 1.00 6 15.9 0.01 1.00 
  
Table 4.6 PERMANOVA pair-wise comparisons between treatments for plant assemblages using square 
root transformed species abundance and percentage cover data. 
  Abundance % Cover 
  t p t p 
control - medium 2.33 0.009 2.60 0.001 
control - high 1.98 0.018 2.89 0.001 
medium - high 2.37 0.001 2.68 0.003 
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Figure 4.4 Two-dimensional nMDS ordination of vegetation species assemblages using abundance data.  
Data was square root transformed using the Bray-Curtis similarity index. 
 
 
Figure 4.5 Two-dimensional nMDS ordination of vegetation species assemblages using species percent 
cover data.  Data was square root transformed using the Bray-Curtis similarity index.   
 
 
4.4 Discussion  
The experimental addition of guano to an area previously unaffected by seabirds 
resulted in significant increases in the total N of two individual plant species, but no 
alteration of soil total N or plant assemblages overall.  Although a relatively large 
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amount of nutrients were added to the experimental plots, the lack of noticeable changes 
in soil total N may be due to the nutrients being quickly leached out of the topsoil after 
heavy rainfall, or the ability of the plants to rapidly take up nutrients in these naturally 
nutrient-poor soils.  Pre-existing spatial heterogeneity in all plots may have masked the 
effect of the treatments. 
 
Despite the lack of significant differences in total N of soil, a significant interactive 
term between treatment and time was identified for both Rhagodia baccata and 
Leucopogon parviflorus.  Regardless of the guano addition, total N in the leaves of 
Rhagodia baccata were much higher than that in L. parviflorus.  In the south-west of 
Western Australia, Foulds (1993) found that members of the Chenopod family (to 
which Rhagodia baccata belongs), in particular R. baccata, were high in total N (1.5%), 
whilst members of the Epacridaceae family (to which L. parviflorus belongs) have the 
lowest nutrient concentrations (mean 0.72%) in comparison to other common plant 
families in the region.  The significant increase in total N in September for both plant 
species in the high guano treatment is most likely due to the greater availability of N in 
the soil from the addition of guano.   
 
The forms of N in the guano mixture (Urea – NH2CO14NH2 and NH4NO3) were very 
soluble, and therefore, highly available for uptake by plants (Bukacinski et al. 1994).  
Both Rhagodia baccata and Leucopogon parviflorus are abundant on Rottnest Island, 
where the soils are sandy, calcareous and naturally deficient in nutrients (Playford 1983; 
Bettenay 1984; Foulds 1993).  The decline in total N in both plant species across all 
treatments in November and February may reflect the low availability of water.  During 
dry periods, the low soil water content reduces the accessibility of nitrogen to the plant 
roots in the soil (Rorison and Robinson 1986).  Therefore, in an effort to conserve 
nutrients during periods of drought, plants rely on continually redeploying nutrients 
from the leaves into new growth (Pate and Dell 1984).  In February, total N of L. 
parviflorus was higher in the high treatment compared to the control (although not 
significantly so), suggesting that the nutrient additions in August were most likely 
responsible for the maintained elevation of nutrients.  This trend was not exhibited in R. 
baccata, which may be less efficient at recycling N internally compared to L. 
parviflorus.  Given that L. parviflorus is an oligotrophic species, it may rely heavily on 
the efficient recycling of nutrients to sustain N concentrations over periods of reduced 
nutrient availability, which may improve its chances of survival in times of drought. 
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 Plants that are adapted to growing on nutrient-poor soils often respond to a sudden 
increase in soil nutrients with an increase in shoot growth, particularly the production of 
new leaves (Pate and Dell 1984). In the month following the experimental addition of 
guano, an increase in fresh growth was evident in Leucopogon parviflorus and the 
annual species, Senecio lautus in the high guano plots (S. Harrison, personal 
observation).  However, plant biomass was not measured, and total percentage cover 
measurements were too coarse to detect change. The noticeable increase in growth 
evident in L. parviflorus and S. lautus occurred in spring (September to November), 
which is the most favourable time for vegetative and/or reproductive growth, when the 
combination of light, rainfall and temperature are optimal for plant productivity (Bell 
and Stephens 1984).  In order to detect growth, plant height measurements may have 
been useful to distinguish small increases, rather than percentage cover, or a 
combination of the two.   However, it is possible that such changes may not have been 
detected over the short duration of the project.  Since L. parviflorus and R. baccata both 
exhibited a significant increase in tissue N, which may have resulted in increased 
biomass, it is likely that both species, and possibly all species assimilate N, which may 
reflect an increase in the assimilation of N into to the whole ecosystem.   
 
Previous studies have also noted a significant increase in the biomass of Rhagodia 
baccata (Bancroft et al. 2005) and the luxurious growth of Senecio lautus in heavily 
seabird-affected areas (Ornduff 1965). Bancroft et al. (2005) found that Leucopogon 
parviflorus was highly susceptible to die-off from a combination of burrowing and 
guano deposition from Wedge-tailed shearwaters, also on Rottnest Island.  However, 
the positive response in growth of L. parviflorus to nutrient inputs suggests that the 
effect of burrowing may be the main cause of its decline.  A number of studies have 
noted distinct vegetation assemblages in seabird-affected areas (Gillham 1961; Ornduff 
1965; Sobey and Kenworthy 1979), however, relatively few have conducted 
manipulative experiments to tease out the mechanisms by which seabirds influence the 
vegetation (as discussed in Ellis 2005).  While this study attempted to examine changes 
in plant assemblages associated with guano input, no changes were detected over time. 
Interestingly, significant differences were detected between the treatments, indicating 
that plant assemblages were not uniform prior to the commencement of the experiment, 
despite particular effort to randomise the treatments in the array of plots, and that 
natural variation caused these observed differences. 
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 Burrowing seabirds influence soil, and therefore vegetation, by altering edaphic 
conditions from the roots up (Bancroft et al. 2004a; 2005), whereas surface nesting 
birds have a greater surface presence and destroy vegetation through guano deposition 
and trampling (Gillham 1960; 1961; Sobey and Kenworthy 1979).  Possible future 
experiments could examine the influence of a combination of guano addition and 
physical disturbance (to mimic trampling and burrowing), as conducted on islands in the 
Aleutian Archipelago by Maron et al. (2006).  Their study examined the effect of 
nutrient additions only, disturbance only and the interactive effect of nutrients and 
disturbance on plant biomass and composition.  They found that total plant biomass 
increased in the nutrients only treatment, decreased in the disturbance treatment and was 
unaffected in the interactive treatment, revealing that the addition of nutrients 
ameliorated the negative effects of disturbance in the interactive treatment.  Biomass of 
grasses, in particular, responded greatly to the addition of nutrients, although it was 
substantially lower in the interactive treatment, indicating that the addition of nutrients 
alone is capable of altering plant composition. 
 
Results from this study suggest that either the chemical effects of nutrient additions do 
not cause a change or a six-month time scale is not long enough to find a significant 
change in plant species assemblages due to the addition of guano.  It is suggested that at 
least 12 months sampling period should be used for future experiments of a similar 
nature.  At the six-month sampling period in February, no significant differences in the 
total N of soil or plants in the treatment plots were exhibited, although total N of 
Leucopogon parviflorus appeared to be increased in the high treatment, compared to the 
control.  To account for this, it may have been more suitable to make smaller, but 
continuous applications of guano, to mimic natural patterns of guano deposition (e.g. 
Smith 1978; Maron et al. 2006), as some species may respond better to constant 
supplies in nutrients rather than pulsed.  This method may assist in ameliorating the 
effects of nutrients leaching out of the soil.  On the Sub-Antarctic Marion Island, 
successive monthly applications of NPK fertiliser were applied over a three-month 
period (Smith 1978).  After five months from the first application, soil in fertilised plots 
was enriched in NH4+ and NO3-, whilst no difference was seen in total organic N.  Only 
two of the three plant species sampled exhibited higher concentrations of N compared to 
their unfertilised counterparts.  Furthermore, fertilised plants did not exhibit any 
obvious signs of enhanced vitality or colour, although the biomass of one species was 
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significantly greater than in unfertilised plots.  Smith (1978) attributed the relatively low 
soil N content in the fertilised plots to intensive leaching caused by high rainfall. 
 
Another suggestion would be to apply a greater amount of guano to both experimental 
treatments, in a less available form of N (such as a slow-release fertiliser; e.g. Maron et 
al. 2006).  It would be expected that a greater response in all variables would be 
observed after a greater application of guano, whilst a slow-release fertiliser may reduce 
the effect of leaching, thereby increasing the availability of N over a longer time period.  
For example, Maron et al. (2006) applied ~4 times more N in their high nutrient 
addition treatment plots, in comparison to this study, and applied the nutrients three 
months prior to sampling (applied May – sampled August) over three consecutive years.  
The timing of the guano application may have also influenced the results and it may 
have been more effective to commence the application of guano during the summer 
months, when reduced rainfall might reduce the influence of leaching.  
 
Future manipulative experiments should also consider using real guano rather than 
synthetic fertilisers, as the enriched 15N isotope in guano would allow its assimilation by 
plants to be traced.  Likewise, enriched 15N-labelled substitutes could be applied, 
although is a very costly procedure.  Greenhouse experiments are another alternative, 
when targeting specific species and looking at multiple concentrations of guano 
additions.  This method reduces disturbance (such as the removal of plant material for 
biomass measures) to natural systems and allows for more intensive manipulation of 
conditions.  The assimilation by plants of marine-derived nutrients provided by seabirds 
may have significant consequences for ecosystems influenced by these inputs (Polis et 
al. 1997).  These ecosystems must be managed with this in mind, taking into account 
the spatial and temporal scales at which these processes occur. 
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Chapter 5  
Conclusions, Management Implications and Future Directions 
5.1 Conclusions 
5.1.1 Marine-island Subsidies 
Allochthonous inputs of nutrients, derived from highly productive marine environments, 
can substantially influence primary and secondary production in less productive 
terrestrial environments (reviewed in Polis et al. 1997a).  These inputs have the capacity 
to directly and indirectly subsidise consumer populations, resulting in greater 
abundances and densities of organisms than could be supported by in situ resources 
(Polis and Hurd 1995; 1996; Sanchez-Piñero and Polis 2000; Stapp and Polis 2003b; 
Barrett et al. 2005).  By feeding on marine prey, seabirds import large quantities of 
nutrients in their guano to islands where they roost and nest (Hutchinson 1950; Burger 
et al. 1978).  Results from this study indicate that, despite being surrounded by an 
oligotrophic marine system, the nutrients available to primary producers and consumers 
on islands off the south-western coast of Australia are subsidised by marine-derived 
inputs provided by seabirds (Chapter 2), confirming that the general findings of Polis 
and co-authors for regions with productive coastal waters are transferable to, at least 
some, oligotrophic marine regions. 
 
The total N concentrations of soils and plants on islands used by seabirds in south-
western Australia were significantly higher than those on the mainland, where seabird 
densities and guano deposition are low, providing evidence that guano increases N 
availability to plants (Chapter 2).  This study, therefore, supports the findings that the 
deposition of guano from seabirds is often associated with increased N in soil and plants 
(Smith 1978; Anderson and Polis 1999; Garcia et al. 2002). The present study also 
supported this conclusion by experimentally augmenting nutrients to an area previously 
unaffected by seabirds, and showing a significant increase in total N of leaves for two 
dominant plant species one month following the single application of nutrients (Chapter 
4).  The single application of guano indicated that N was rapidly taken up by plants, but 
this affect was noticeable for only a short period (Chapter 4), as plants continually 
redeploy nutrients into new reproductive and vegetative growth (Pate and Dell 1984).  
 
Increases in the total N concentrations of soil and plants on the islands in the study 
region were also correlated with enriched δ15N values (Chapter 2).  The δ15N results 
suggest that N derived from seabird guano is present in the soil, which is then utilised 
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by primary producers and carried on to consumers.  The enriched δ15N signatures 
detected in soil, plants and invertebrates, suggests that these island ecosystems are 
either driven or supplemented by allochthonous marine-derived resources.  However, 
some islands are subject to greater nutrient subsidisation than others, possibly as a result 
of past and present seabird activities (Chapter 2).  Whilst conclusions regarding the 
extent of spatial subsidies on primary and secondary production on these islands can not 
be made, many studies have found significant increases in primary and secondary 
production in similar systems (Anderson and Polis 1998; 1999; Sanchez-Piñero and 
Polis 2000; Markwell and Daugherty 2002). 
 
Due to the seasonally-dependent nesting and roosting activities of seabirds, guano 
deposition is pulsed rather than uniform year-round (Gillham 1961). Despite the pulsed 
input of guano onto islands in south-western Australia, and the Mediterranean climate 
providing hot, dry summers and cool, wet winters, total N concentrations in soils 
affected by guano deposition at Penguin Island remained fairly constant over a 12-
month period.  Availability of N to plants can, therefore, be relatively constant 
throughout the year (Chapter 3).  However, different trends between mid-autumn/winter 
and spring/summer months were detected, with soil total N exhibiting a positive 
relationship with monthly rainfall in mid-autumn/winter, but no clear relationship in 
spring/summer (Chapter 3).  Guano accumulates in the canopy and on the soil surface in 
the dry summer months (S. Harrison, personal observation), whilst heavy winter rains 
wash the guano through the canopy and into the soil.  In numerous island systems 
worldwide, an increase in total N of soils and plants often results in an increase in 
primary production (Smith 1978; Anderson and Polis 1998; 1999; Maron et al. 2006), 
which has ramifications for the trophic dynamics of island food webs (Polis et al. 
1997a). 
 
5.1.2 Influence of Seabirds on Vegetation Assemblages 
Seabirds influence vegetation assemblages through a variety of mechanisms, such as 
nutrient addition through guano deposition, physical disturbance through nesting 
activities (burrowing, treading etc.), and seed dispersal (Gillham 1956; 1961; Sobey and 
Kenworthy 1979; Ellis 2005; Bancroft et al. 2005).  Results from the measurative 
component of this study have shown vegetation assemblages to be significantly 
correlated with guano cover, soil properties, and soil and plant nutrient content and δ15N 
values (Chapter 2).  This suggests that the alteration of edaphic conditions and addition 
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of nutrients from seabirds may result in the development of plant assemblages that are 
tolerant to these disturbances (Gillham 1961). 
 
Experimental studies (Chapter 4) attempted to clarify the mechanisms through which 
seabirds influence vegetation assemblages.  However, the experimental addition of 
nutrients had no effect of the vegetation assemblages.  This indicates that either the 
chemical effects of nutrient additions do not cause a change or a six-month time scale is 
not long enough to find a significant change in plant species assemblages due to the 
addition of guano (Chapter 4).  In experimentally manipulating the influence of guano 
deposition, and therefore the amount of N available in the soil to plants, some species 
were observed to show slight increases in growth and vitality over a six-month period 
(S. Harrison, personal observation).  However, there were no changes in plant 
assemblages over this period, and significant differences in treatments were the result of 
natural heterogeneity, rather than the treatments themselves (Chapter 4).  Such shifts in 
plant species dominance may take years to eventuate (Gillham 1961).  The differences 
in assemblages noted in Chapter 2 may be due to the physical effects (trampling and 
burrowing) or an interactive effect between physical disturbance and chemical soil 
properties induced by seabirds, although this requires further investigation. 
 
5.2 Management Implications 
Islands are increasingly being recognised as important refuge sites for remnant 
populations of many species that have become locally extinct or endangered on the 
mainland due to habitat destruction, introduced predators and other threatening 
processes (Burbidge 1999; Abbott 2000).  Several islands in this study are home to 
endangered fauna, of which one species had been translocated from a nearby island 
(DCLM 2001).  Managing islands requires knowledge about nutrient flows and trophic 
interactions, since any disturbances to these processes could have significant 
consequences for the productivity of these island ecosystems (Polis et al. 1997a) and 
therefore have ramifications on native flora and fauna.  A process that affects a resource 
in one habitat could potentially be affecting a recipient (plant or consumer) in another 
habitat (Polis et al. 1997a). The present study has shown that guano subsidises the 
levels of nutrients on islands with seabirds in south-western Australia. Logically, a 
reduction in the seabird populations on islands would lead to a decrease in nitrogen 
loading. In the study region, anthropogenic impacts on seabirds could occur indirectly 
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by reducing their food resources or the introduction of predators, or directly through 
physical disturbance.  
 
Many studies have shown that seabirds are sensitive to changes in food supply, and 
have been used as monitors of oil pollution (reviewed by Furness and Camphyusen 
1997).  In the past, over-harvesting of fish stocks has led to dramatic declines in some 
seabird populations (Jahncke et al. 2004).  For example, in the late 1960s/early 1970s, 
heavy fishing pressure combined with strong El Nino events lead the collapse of the 
Peruvian anchovy population (Brainard and McLain 1987).  As a result, ‘guano-
producing’ seabirds (cormorants, boobies and pelicans), which fed primarily on the 
anchovies, experienced drastic declines in abundances (Duffy 1983), from which they 
have not recovered (Duffy 1994).  In order to manage fisheries on which seabirds are 
dependent, fisheries management methods (input and output controls, size and catch 
limits, gear restrictions and marine protected areas) need to be established (Bohnsack 
1998; Gell and Roberts 2003).  By removing fishing pressure in defined areas, marine 
protected areas (MPAs) could provide an appropriate tool to reduce impacts on seabirds 
by creating areas of increased abundance and biomass of important prey species (Gell 
and Roberts 2003; Halpern 2003).  Such zones could be established around known 
foraging areas.   
 
A spatial management approach is being considered for the northwest of Australia, 
where the proposed zoning for the Barrow Islands Marine Management Area has 
incorporated a seabird protection conservation area, which excludes extractive activities 
such as commercial fishing (DCLM 2004).  Likewise, the recently-released Shoalwater 
Islands Marine Reserve draft management plan (which encircles some of the islands in 
the study region; Penguin, Seal and Bird Islands), has proposed to increase the 
proportion of sanctuary and wildlife conservation zones to 909 ha (13% of the park 
area), which is a significant increase on the previous plan which lacked both zones 
(DCLM 2006).  These assist in regulating coastal developments (e.g. marinas), which 
also could impact on inshore marine environments where seabirds are known to forage 
(Lenanton et al. 2003). 
 
Abbott (2000) documented that approximately 3% and 6% of the 254 islands (100 ha or 
larger in area) along the Western Australian coastline are inhabited by the exotic 
predators the red fox (Vulpes vulpes) and cat (Felis catus).  Although these numbers are 
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relatively small, when islands become inhabited by exotic/introduced predators there 
can be significant consequences for all aspects of the ecosystem (Maron et al. 2006).  
Maron et al. (2006) found that introduced foxes influenced plant productivity and 
composition via complex interactions involving both top-down (predation on seabirds) 
and bottom-up (reduction of marine-derived nutrients from seabirds) processes on 
islands.  Therefore, it is vitally important to ensure that exotic predator populations are 
eradicated and prevented on islands. 
 
Whilst access by the public to many islands in south-west Western Australia is 
restricted, some islands are popular tourist attractions (e.g. Rottnest, Penguin and 
Carnac islands).  Visitors to these islands may directly (through physical disturbance) or 
indirectly (through the degradation and destruction of habitat or the introduction of 
exotic seeds) impact on seabird colonies (Burger and Gochfeld 1983; Jones et al. 2003).  
Some seabird species are highly susceptible to human disturbance (Burger and Gochfeld 
1983).  Some bird species may trade-off the avoidance of disturbance by people against 
foraging, mating and parental care, often resulting in a decrease in reproductive success 
(Burger and Gochfeld 1983; Frid and Dill 2002), leading to reduced population sizes.  
Reducing these disturbances is vital to maintaining healthy seabird populations. 
 
A significant decrease or increase in bird populations could dramatically alter the supply 
of nutrients to islands with potential consequences for primary and secondary 
production (Polis et al. 1997a; Anderson and Polis 1998; Markwell and Daugherty 
2002; Wolfe et al. 2004).  As demonstrated in this study, allochthonous marine inputs 
provided by seabirds are utilised by primary producers and consumers on the study 
islands (Chapter 2), and a reduction in these inputs may lead to a shift in the proportion 
of the utilisation of in situ-derived nutrients.  On some islands, seabirds appear to 
function as keystone species that support greater secondary production than islands 
without seabirds (Sanchez-Piñero and Polis 2000; Markwell and Daugherty 2002; Stapp 
and Polis 2003b; Barrett et al. 2005).  A reduction in seabird populations is also likely 
to have negative consequences for native plant species that rely on nutrient inputs from 
seabirds for their persistence (Norton et al. 1997; Smith and Steenkamp 2001; Maron et 
al. 2006), whilst an increase may lead to the spread of exotic plant species mediated by 
the presence of birds (Vidal et al. 1998a; 1998b; 2001; 2003; Rippey et al. 2002b).  In 
order to maintain seabird populations on islands, and the trophic linkages that they 
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provide between marine and island ecosystems, managers must take into account these 
processes that occur at both temporal and spatial scales. 
 
5.3 Future directions 
Further studies into the role of seabirds in driving primary and secondary production 
need to be investigated to gain a thorough understanding of island ecosystems.  
Conclusions regarding the influence of seabirds on primary production on the islands in 
the study region could not be made (Chapters 2 and 4), establishing the need for further 
research in this area.  Measures of primary production, such as plant biomass, usually 
involve destructive harvesting techniques (Chapman 1986; Chiariello et al. 1991), 
which can be detrimental to island habitats, by leaving areas open to erosion.  Whilst 
not as universally applied, the application of other techniques, such as leaf growth, may 
be better in these fragile environments.  Furthermore, the mechanisms through which 
guano is washed through the vegetation canopy and into the soil must be more 
thoroughly understood.  
 
This study did not yield clear results on the influence of seabirds and guano deposition 
on invertebrate abundances or assemblages, though there was evidence through δ15N 
values that invertebrates at least partly derived nitrogen indirectly from guano (Chapter 
2).  Invertebrate abundances and densities on islands influenced by seabirds have been 
investigated in few locations (Gulf of California, Mexico; Polis and Hurd 1995; 1996; 
Sanchez-Piñero and Polis 2000, New Zealand; Markwell and Daugherty 2002, and 
Antarctica; Ryan and Watkins 1989). With the exception of Orgeas et al. (2003), little 
has been researched into the influence of seabirds on invertebrate assemblages. Thus, 
there is a need to examine the influence of seabirds on higher trophic levels. 
 
Due to the large number of islands in this study, detailed information in regards to the 
influence of seabirds on plant assemblages at finer scales (within islands) were not 
discussed (Chapter 2).  However, in gaining a better understanding of the influence of 
seabirds on vegetation assemblages, it is important to generate information at a variety 
of scales.  Few studies have quantitatively examined the effect of seabirds on vegetation 
assemblages at the community level (Vidal et al. 2003; Ellis et al. 2006; Bancroft et al. 
2005; Maron et al. 2006).  Another aspect that has been identified as requiring further 
research is the need for a greater understanding of the process and mechanisms by 
which seabirds influence plant assemblages (Ellis 2005; Bancroft et al. 2005).  In order 
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to better understand these processes, manipulative field and greenhouse experiments are 
required as suggested in Chapter 4.  Whilst several studies have conducted field 
experiments looking at single aspects of seabird disturbance, such as nutrient inputs 
(Smith 1978) or physical disturbance (Bancroft et al. 2004a), only one study has looked 
at the interaction between the two (see Maron et al. 2006).  Experiments of this 
magnitude need to be extended over longer time periods to reflect the natural patterns 
observed in nature.  A better knowledge of the influence of seabirds should be 
considered in making decisions regarding management of islands. 
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Appendix 1 
Madura Guano Gold Kwik-Start 
 
Properties Amount 
Total N 0.1 % 
Total P 13.14 % 
Total K 0.1 % 
Total S 0.34 % 
Total Ca 27.1 % 
Total Mg 0.16 % 
Total Na 0.07 % 
Total Fe 3.73 ppm 
Total Mn 1.79 ppm 
Total Zu 907 ppm 
Total Cu 309.1 ppm 
Total Co 18.43 ppm 
Total B 47.48 ppm 
Total Mo 16.63 ppm 
pH 7.9   
EC 270 uS/cm 
LOI 15.15 % 
Total Si 16.24 % 
Total Al 3.9 % 
Extractable Cd <2 ppm 
Extractable Pb <10 ppm 
Extractable Hg <0.03 ppm 
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